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PREFACE 


The Chapter I of the thesis gives a general introduction to 
electron paramagnetic resonance and a mention is made of the some of 
the problems being studied by EPR, 

Crystals doped with iron-group ions have been extensively 
studied by EPR. The study of crystals doped with rare-earth ions 
is also extensive, but the divalent europium ions associated with 
vacancies in crystals have not been studied much. At the time of the 
beginning of this work the only published paper seemed to be that of 

R, Sohrig (Phys. Letters 16^ 20 (1965)), He has reported the crystal 

2+ 2+ 
field parameters for Eu - doped NaCl. The best way of getting the Eu 

ions associated with a vacancy would be to get them doped in some 

24- 

alkali halide lattice. Therefore, an EPR study of Eu - doped KC1 and 

RbCl is made. Part of the thesis is devoted to this study. During the 

progress of the work two papers^one by porret and Lambert (Helv. Phys. 

2+ 

Acta 40, 264 (1966)) on Eu -doped KI and the other by Nair et al 

2 + 

(J.Phys .Chem. Solids 2*?, 2183 (1968)) on Eu - doped KCl^have appeared, 

24* 

The present work on Eu - doped KC1 has also been published in J. Chem, 
Phys. 47, 3094 (1967) , 

2 + 

From the present study of Eu - doped KC1 and RbCl and the 

o 24- 

results of Rohrig it is found that the variation of bg for Eu in 

changing the host from NaCl to RbCl is different from that found by 

24 - 

Watkins (Phys, Rev. 113 ,- 79 (1959)) for Mn from LiCl to KC1 hosts. 

An attempt was, therefore, made to wect^oiethis variation^further, by 

24- 

extending the studies to Mn in RbCl host. 



Vanadium has a stable oxy-ion called a vanadyl Jon. The 
24- 

vanadyl ion VO is supposed to exist in a sort of octahedral coor- 
dination with its surroundings. The present literature on EPB study of 
2+ 

VO - doped single crystals is restricted to only a few lattices. 

2 + 

Mainly reported are the EPR studies of randomly oriented VO ions. 

24- 

The literature on preferentially oriented VO ions is further restricted 

to those hosts which grow with the water of hydration or which possess 

2 + 

regular octahedra of anions. The EPR study of VO ions in some lattice 

gives an idea of the bonding of its vanadium with the surroundings and 

24 

also the orientation of VO (linear) ions in the lattice. It would be 

2 + 

very interesting t/herefore« to find the orientation of VO in a host 

which grows without the water of hydration and which does not possess 

any octahedron of anions. Ammonium sulphate could be such a lattice. 

Further, ammonium sulphate is paraelectric at room temperature and changes 

o 24* 

its phase to ferro-electric at -50 C. Thus^a study of VO - doped 

(NH^^SO^ lattice could be expected to give some information about the 

„ 24- 

phase transition mainly as to how it affects the EPR spectrum of VO , 

It is worthwhile to mention that the available data on (NH^ to this 

date includes the crystal structure as determined by X-ray, electron 

and neutron diffraction » Further, (NHj host has widely been 

24* 

studied in our laboratory. The work of Chowdary on Mn - doped (NH^SO^ 
to understand the lattice defects and phase transitions is important in 
this regard. 

Theoretical details regarding the EPR of rare earth ions in 

24* 

orthorhombic and cubic crystal fields are given in Chapter II. Eu is 
taken as a special case. The formulae for the various fine structure 
and hyperfine structure transitions are given therein. Also given is 



iii 


the matrix of the $pin-Hamiltonian for a field of orthorhombic symmetry. 

In Chapter III a brief description is given of the electronic 

24- 

structure of the complex ¥0 of VO , The symmetry of the complex 

has a strong tetragonal distortion from octahedral one. The procedure 
due to Schonland for finding the principal values and the direction 
cosinjjsof the principal axes of g and A is also described, with a few 
simplifying additions, in this Chapter. 

Chapter IV deals with the methods of growing single crystals: 
from the melt and also from the solution. It also deals with the 
method of mounting^in the microwave cavity, of the crystals particularly 

crystal 

the (NHjlgSO^, so that it could be rotated about an axis perpendicular 
to one of its three basal planes ab, be and c®. Some other details 
of the general experimental techniques are also given. 

Chapter V describes the EPR spectra obtained in the case of 

2+ 

Eu doped in KC1, Different vacancy and defect models explaining 

24- 

the charge compensation for Eu - doped KC1 are discussed. The EPR 

24- 

spectra obtained are assigned due to Eri associated with a vacancy 

at a first neighbour cation position. Also reported is the cubic 

24- 

spectrum corresponding to Eu without any vacancy near it. The cubic 

<3 

spectrum shows itself up at 300C. The crystal field parameters and the 

2+ 

g~v a lues for both the types of Eu ions in KC1 are determined and 
given in this Chapter, 

24- 

In the study of Mn - doped alkali chlorides Watkins (Phys, 

Rev, 113, 79 (1959)), has reported the crystal field parameters for 
24- 

Mn associated with a first neighbour cation vacancy. The crystal 

2+ 24- 

field parameters for Eu - doped NaCl and KC1 wherein Eu is associated 
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witiufirst neighbour cation vacancy are also now known. The absolute 

value of the parameter b2° is determined by using the spectra at room and 

24- 

liquid helium temperatures for Eu -doped KC1 as published by Nair et al. 

Therefore, though the individual values of the crystal field parameters 

24- o-f 

cannot be compared for the two cases (Mn and Eu ) in the same lattice, 

a comparison could be made of the variation of the crystal field para- 
24- 

meters for Eu - doped alkali chlorides in going from NaCl to KC1 with 

24 - 

that obtained for Mn associated with a first neighbour cation vacancy 

in going from LiCl to KC1. The main crystal field parameter is D (» ). 

2+ 

The magnitude of D continuously increases from LiCl to KC1 for Mn - doped 

24 - 

alkali chlorides whereas a decrease is found for Eu - doped alkali 
chlorides from NaCl to KC1, This is shown in Chapter V* 

To see as to whether!) would further decrease if one moves up one 

step further i.e, upto RbCl in the series of alkali chlorides, a study 

2 + 

was made of Eu - doped RbCl. The results obtained are mentioned in 

Chapter VI. The hyperfine sets towards the end of the spectrum appeared 

as single broad bands. But all this can check one only from evaluating 

the value of A, the hyperfine interaction parameter; and the g-value 

and most of the crystal field parameters b^ can still be determined. 

24 - 

The crystal field parameters obtained for Eu - doped RbCl are given in 
this Chapter. The magnitude of D is, indeed, found to continuously 
decrease from NaCl to RbCl. The absolute value of D, however, increases 

2«L 0+ 

in both the cases i.e. for Mn from LiCl to KC1 and for Eu from KCl 
to RbCl. The difference in the variation of D for the two ions is 
understood by considering the simultaneous linear and quadratic 
dependence of D on . The abnormal widths of the lines, as 
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one moves away from the centre of the spectrum to the two ends, are 

2 + 

related to the probable off-centre positions of Eu in RbCl lattice. 

A cubic spectrum also shoots up at about 200°C. A comparison is made 

0 24 * 

of the crystal field parameter b^ ^for Eu at the cubic sites^in the 
three lattices viz. NaCl, KC1 and RbCl* 

24- 

Chapter VII deals with the EPR of Mn - doped RbCl. Also 

reported are the results for the substance Rb^MnCl^t obtained by fusing 

RbCl and anthydrous MnCl 2 in the stoichiometric ratio under vacuum. An 

24 

explanation is given as to why no axial spectrum appears for Mn - doped 
RbCl, The observed narrow single line spectrum is related to the super*- 

2x M 

exchange from the Mn to an another neighbouring one through a Cl or a 

-r 24 

pair of Cl ions, A model is proposed which explains as to why Mn 
accumulate together even in such RbCl crystals which are doped with a 
mere /s/,02% of MnCl 2 » 


Chapter VIII deals with the EPR of V0 2+ «doped (NH 4 ) 2 S0 4 * V0 2+ 

seems mainly to occupy two types of sites I and II in the lattice. It 

also occupies two more types of sites III & IV but with a lesser prraba— 

24 

bility .The spectra due to VO at site IV could not be followed for all 

orientations of H in the crystal basal planes. The principal values and 

the direction - cosines of the principal axes of the g and A tensors 

24 

corresponding to the three types of sites I, II and III of VO are 
44 24 

determined. As V of VO usually seems surrounded by six oxygens; 

looking into the availability of oxygens in the present case* a classical 

44 

model is proposed for explaining the position of V in the lattice. The 

24 

bonding scheme of this model also describes the orientation of VO in 

24 

the lattice* if account be made of the cation vacancy caused when VO 
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J. 

with 2+ charge replaces a NH^ ion. Also described in chapter VIII 
is the effect on the spectrum of the downward sweep of temperature 
through ~50°C, 

The later part of the chapter VIII reports the optical absorption 

24- 

spectra as found for the present sample of VO ** doped (NH^^ SO^. Three 

absorption maxima are observed. They are related to the two predo- 

2+ 

minantly occupied sites I & II of VO . As reported by Ballhausen 

(Inorg. Chem. 1_, 111(1962)) one should get two absorption maxima for each 

24- - 

of the predominantly occupied sites I & II of VO • The occurrence of 
only three maxima indicates that fete two maxima one for each type of 
the sites I & II coincide at least within their widths. 



CHAPTER I 


GENERAL INTRODUCTION 

A system of charges associated with a resultant angular momentum 
•/j (J+I)S and thus a magnetic moment (except in very rare cases )exhibits 
paramagnetism. The sufficient condition for a substance to be paramagnetic 
is that such constituent systems in the substance be either not coupled 
or only very weakly coupled by exchange forces. If the systems are 
strongly exchange coupled we have ferro - or antlferro-magnetism. 

Paramagnetism Is exhibited by a vast range of matter; atoms 
having an odd number of electrons like (H,N,Na.,.), molecules like 
(0 ,N0 ot C10 «», ), free radicals like (CH„...), ions with partly filled 
electron shells (those In transition group, rare earth group. »,), impurities 
in semiconductors , colour - centres, substances irradiated by x~ r ays, 
metals and semiconductors having unfilled conduction bands and even some 
biological matter. 

In the present discussion we shall be concerned only with 
the electronic paramagnetism of ions of iron and rare-earth groups. 

Under the action of an external magnetic field H the resultant 
magnetic moment associated with angular momentum /j(J+l ) "ft of the 
paramagnetic centre has (2J+1) Zeeman sublevels as shown for J - 7/2 
in figure 1.1, and resonant absorption can be observed between the 
resulting set of levels. The sublevels are associated with energies 
E = gy3 HM t where g is the spectroscopic splitting factor,^ is the 
Bohr magneton and M is the projection of J on H and takes on the values 
+ J t o — J , 

If an alternating microwave field of frequency it is applied at 
right angles (for maximum absorption) to magnetic dipole transitions 
are produced according to the selection rule ZM4=+1« Thus h-0 = g /3 H 
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gives the necessary H for a resonant absorption at a given ■%) , For 
a free ion the spectroscopic splitting factor g is given by the following 
expression 

_ _ o/o , S(s+1) - L(L+1) , 

g = 3/2 + ^ ^ where L+S=J. 

But in actual practice the whole thing is not so simple. The ions are 
subjected to crystalline electric field and spin-orbit coupling which 
causes the individual L and S and their coupling scheme to change 
tremendously. 

Fine structure and its origin 

For ions with d electrons the effect of the crystalline field 

is more than the effect of spin-orbit coupling. The cubic part of the 

crystalline field produces a splitting cm - " 1 ) in the free ion terms. 

The spin-orbit coupling and any noncubic part of the crystal field produces 

further splittings of these levels. These splittings are usually of the 

order of 100cm * to 1000cm j if the ground level obtained after cubic 

field splitting has orbital degeneracy; and only/s/lcm if it has only 

spin degeneracy. Certain restrictions exist, however. If the systems 

total spin quantum number S is a half integer. there always exists a two- 

( 1 ) 

fold Krammer's degeneracy. Paramagnetic resonance is usually observed 
between those lower levels which lie within a range of few cm * of the 
resulting ground level. This range, of course, depends on the frequency 
of the microwave radiation used. On the application of the magnetic 
field even the Krammer’s degeneracy is removed and magnetic dipole transi - 
tions are observed between the resulting levels. The splitting of the 
order of lcm”'*' caused in the lowest orbital singlet, (which is not always 
the case) because of crystalline field and spin-orbit coupling, is called 
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zero field splitting. This splitting is the origin of fine structure 
in electron paramagnetic resonance (EPS) (figure 1,2)* 

In some of the paramagnetic systems there exists an additional 
effect which removes the orbital degeneracy of the ground state even in 
the absence of any crystalline electric field. This is called Jahn 

\di | KJ J 

Teller Effect. Because of it a system which has degeneracy in its 

lowest state spontaneously distorts itself in such a way as to remove the 

maximum possible degeneracy. 

In the case of d-electrons, because of the effect of the 

crystal field (mainly cubic), the ground orbital quantum number is 

/ 

changed appreciably. It takes up some effective value L. Some times 
ground orbital quantum number is zero but then there comes some contri- 
bution from higher lying orbitally degenerate levels through spin-orbit 
coupling, (and l/s lightly differs from zero). 

For rare earth ions the spin-orbit coupling is stronger than 


the^ffect of the crystalline field . Thus for example in the case of 

Ce'^ + (4f i ) out of the two ground state terms \ ^ 8n< * ^ F 5/2; ,obtained 

2 

because of spin-orbit splitting, F^^-, lies lower. The crystal field 

2 

splits the six M(5/2 to -5/2) levels of ^ 5/2 such a way that the 
{Crammer* s doublet—— approximately characterised by M = + & — lies 
more than 10cm ^ below all other levels. Only this doublet is appre- 
ciably populated at 4°K( a temperature suitable for the paramagnetic 

Oj_ 

study of Ce ) and the resonance spectrum consists of a single fine 
structure line. 

2+ 3+ 

The ions with seven f electrons (Eu and Gd ) are an 
exception to above. In these ions the crystal field splitting between 

Q 

the eight levels belonging to S 9 * oun d state is extremely small 
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( ^O.lcm *), the splitting entering into the EPR spectrum as zero 

field splitting. This is shown in figure 1.2 . Because of Xrammer's 

8 

theorem even the least symmetrical crystal field can cause the Sj/2 
level to split only into four spin doublets. 

For both d and f electron ions the number of levels (obtained 
after the application of the magnetic field) among which electron para- 
magnetic resonant absorption takes place is equated to 2S +1 and the S 
thus obtained gives an effective or .fictitious spin value. 

Hyperfine structure 

If the nucleus of the paramagnetic ion has a nonzero spin I 
and thus a magnetic moment, different orientations of I with respect 
to the orientation of electronic magnet will have different energies , 
So each electronic level is split into 21+1 sublevels and because of 
the selection rule Am=0 (m is the projection of I in the electronic- 
magnetic field of the ion) each fine structure transition is split 
into (21+1) hyperfine transitions (figure 1.2). Hie hyperfine splitting 
is isotropic for S- state ions and anisotropic for others. 

Quadrupole interaction 

For nuclei having I>% there exists an electrostatic inter- 
-3 -1 

action (energy 10 cm ) between the quadrupole moment of the nucleus 

and the gradient of the crystalline electric field at the nucleus of 

the ion. The result of this quadrupole interaction is to shift the 

2 

energy of hyperfine levels by an amount proportional to m (m taking 
values from +1 to -I), 

Then comes in decreasing order of energy the effect of the 
applied external magnetic field on the magnetic moment of the nucleus. 
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This is very small 0^1(T^cm“ 1 ), 

Finally we have the interaction of the spin of the paramagnetic 
centre with ®fei=fe the surroundings consisting of the dia-magnetic lattice 
and other paramagnetic spins. The effect of these is felt in the 
shape and the width of the absorption lines. These do not change the 
position of the absorption lines in first order. Among these phenomena 
we have 1) Spin - lattice relaxation, 2) Spin - spin interaction , and 
3) exchange interaction. 

Spin - Lattice relaxation 

The mechanism of spin- lattice relaxation considered by Van 

( 5 ) 

Vleck is that the thermal vibrations of the lattice give a random crys- 
talline field at the ion. This random electric field affects the orbi- 
tal motion and thus the magnetism of the ion; but if the magnetism of the 
ion comes solely from the spin the effect is via the spin-orbit coupling* 
Thus the spin (ion - magnet for 0) feels the temperature of the 
lattice and the spins (ion-magnets) try to acquire the temperature of 
the lattice. By absorption of electromagnetic energy^spm 
temperature increases but the spin-lattice relaxation brings the temperature 
down and makes the system ready for fresh absorption. 

The reverse of the spin-lattice relaxation time (T^) is a 
measure of the rate at which spin (ion — magnet) reverses its direction 
and either takes from or gives to the lattice a quantum of energy. T^ 
is temperature dependent <a>t~ 4 ). Relaxation process gives a half width 
at half intensity of the order of 1/27TT, sec -1 * Thus for line width 
of the absorption line to be small T^ should be large. For some of 
the ions e.g. Eu 2+ T is sufficiently large at room temperature, 
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while for others we may have to cool the sample in order to reduce 
the line width. But can not be increased infinitely because that 
would cause the microwave excited levels to saturate. 

If and N k+ ^ be the populations at thermal equilibrium of 
two consecutive levels among the set of levels between which electron 
paramagnetic resonance absorption is taking place, then 


N k+/ N k ~ exp( "9^ H/kT) 

N k+ ^ being the population of the higher of the two levels. Thus 

the number of absorptions, therefore, exceeds the number 
of emissions at thermal equilibrium and thus the net result is the 
absorption of energy from the microwave source. 

Now even though the absorption of energy would try to equalize 
N k and N k+ ^ the net absorption continues because of the spin-lattice 
relaxation process which acts in the reverse direction, takes up 
energy from the spin (ion - magnet) and gives the same to the 
lattice, which is at a lower temperature, in the form of heat and 
makes the spins (ion magnets) ready for fresh absorption. For this 


reverse process to act effectively should be small and so a 


-5 


upper limit on the value of T^. is usually kept at about 10 sec. 
Spin - spin interaction : 

The theory of spin - spin interaction has been given by 

Van Vleck^and Pryce and Stevens A spin under consideration is 

influenced by the varying fields of the neighbouring spins. These 

varying fields are not negligible; for example in the tutton salt 

24* o 

CuKgfSO^^H 0 the paramagnetic Cu ions separated by 6A are 
exposed to a resultant magnetic field of '"'''100 gauss due 


to neighbouring ion - magnets. Therefore, for resonant absorption of 
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microwave power of some fixed frequency there is a distribution of 

the magnetic fields. This distribution causes the line width. In 

order to reduce this broadening the paramagnetic substance is usually 

diluted by some suitable diamagnetic substance. The spin « spin 

2 

interaction is direction dependent according to ( 1 - 3cos & )» © 
being the angle between the steady magnetic field H and the line 
joining the magnetic dipoles. 

Exchange interaction 

( 5 - 8 ) 

Exchange interaction occurs when electrons are exchanged 

between the orbitals of different paramagnetic centres. The effect 

* 

of the exchange interaction is to reduce the dipolar broadening by 
modulating the spin orientation of the unpaired electrons. This form 
of interaction changes a line from Gaussian to Lorentzian shape, and 
is often met whenever the concentration of paramagnetic centres in 
the substance is high. 

By the knowledge of perturbations which determine the EPR 
spectra of ions in crystals one can enumerate the applications of 
EPR study of ions in crystals as follows: 

(1) It gives a direct and accurate description of the crys- 
talline environment on the low lying energy levels of the paramagnetic 
ion. Careful measurements of EPR spectra enables us to determine 
the zero - field splittings which decide the use of paramagnetic ion 
doped crystals for solid state masers and for producing very low tem- 
perature by using the techniques of adiabatic demagnetisation. 

♦ if the paramagnetic centres have different Larmour frequencies the 
effect may be reversed. 
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(2) As the spectra are extremely sensitive to the strength and 
symmetry of the crystalline field the ion experiences, the EPR 
technique helps one to determine the crystal field parameters, nature 
of vacancy (or vacancies) associated with the ion, positions of the 
ions in the host lattice etc. 

(3) It gives information about the nuclear properties like 
nuclear spin and nuclear quadrupole moment. 

(4) Electron spin resonance seems to be ideal for determining 
the physical changes that take place in materials when pressure is 
applied. Some work has been done on paramagnetic ions subject to 
stresses which might be expected to induce changes in their 

(9-11 ) 

electronic structure in the pressure range of about 10 Kilobarns. 

(5) We can also study the phase transformations in solids and 
some times we can get such information which is difficult to be 
obtained through x-ray studies. 

(6) It can also be used to study as to how oxy-ions for example 
2+ 2+ 

VO , NpOg enter the host lattice, and to get information 

about the covalent bonding of such ions with the surrounding ligands. 
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FIG- 1- 1 ENERGY LEVEL DIAGRAM AND THE ALLOWED 
TRANSITIONS OF A FREE ION WITH J-?/ 2 . 
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Allowed AM - ± 1 Am = 0 

Transitions 


f-2 - Energy JeveJ diagram showing zero fie id splitting & nuclear splitting 
Of an ion with J ~ 7 /b , l = 5 /z . Permissible fine structure transitions 
ore indicated by arrows. Nuc/ear spotting is shown onh fan- fan 






CHAPTER II 


THEORY RELATED TO ELECTRON PARAMAGNETIC RESONANCE 
OF Eu 2+ ION 


In electron paramagnetic resonance absorption only those 

—1 

levels are involved which lie within a range of a few cm from the 
lowest level. In zero magnetic field the energy separation between 
these levels depends upon the crystalline electric field, hyperfine 
interactions etc. On the application of a magnetic field H these levels, 
if degenerate, get further split and diverge as H is increased. Reso- 
nant absorption takes place whenever two of the resulting levels are 
separated by an energy quantum fn),-*) being the klystron - frequency. 

The major term which decides the energies of the levels is the zeeman 
term, then comes in decreasing order of energy — the effect of crystal 
field, hyperfine interaction etc. 


So the effective Hamiltonian to decide the energies of the 


levels is 


zeeman 'k^'cryst . hyperfine 


where, JqS = ( L + 2S ), H 

° zeeman 

— > — * 

» gy3 S, H • S being the effective spin 

and g ( the spectroscopic splitting factor) a scalar. 

If g be a tensor ( fy) 




rs 


zeeman 


7 


^ 

'3 H. g. S 




where V is the potential of the crystalline field, and x^, y. ^ z. are 
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tha coordinates of the i-th electron of the unfilled shall of the 
ion. In crystal field approximation i.e. by assuming that the surroun - 
ding ligands do not overlap the electron cloud of the paramagnetic ion, 
V cr can be expanded in a series of spherical harmonics 

V « 2 A m r n Y m 
cr A n r x n 

n,m 

This expression gets considerably simplified by taking into 
consideration the fact that for the ions having d ^electrons, the 
spherical harmonics for n ;> 4 give zero - matrix elements between the 
states j L, S, S z ^> • Analogously, in the case of f~ electrons 
the terms in the series with n > 6 can be discarded (1 \ We also omit 
the terms of the series with odd n because the matrix elements of odd 
order spherical harmonics equal zero. The term with n = 0 gives an 


additive constant, which may be set equal to zero. Further, since V 


m ~m * 

is real A n = (A n ) • The number of relevant terms in the expression for 
v C r can father be reduced if one takes into account the symmetry of 
the crystalline field. If we denote A° r 11 by U° and 

r Y R (-Gift) + A ,^ m r K Y^ (0*cp) by , the potential V^t 

depending on the symmetry of the field, can be written as series sum 
| m { 

°f tT^s o.g. for orthorhombic symmetry we have 

V cr = U° + ul + 0° + + 0^ + U“ + ^ + „4 + d 6 


cr 


It is easy to note that one can write l/ 1 = C m V* 11 , wherein 

n n n 

C™ ’ s differ from A™'s only through some numerical factor and V^*s 
do not involve 0 and d> explicitly and are homogeneous polynomials of 

' o 2 2 

degree n of coordinates x, y, and z e.g. Vg = (3z - r ), 
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The most convenient method for evaluating the matrix elements 
of the V cr is the use of operator - equivalents * 1 * ’ } method. In order 
to findjthe operator - equivalent of one replaces, x,y and z by 
J x , Jy and J z respectively, always allowing for the non-commutation of 

J X , J y and V 


The matrix elements of the functions V^'s and the correspon- 
ding equivalent operators C^’s coincide except for a certain common 
factor, which is identical for all functions with a given n. 

v” ; oUr 2 >o£ 

*5 ■ P 

v " 6 =/<r‘>(^ 


v cr =^ <.©.< r ”>.o” 

n,m 

or -/ for n = 2, 4 or 6 respectively. 
Therefore, ^ orygU = ~ |L e C^.0,<r ?I > <f 


n,m 

- / jn . „ ra J® /O / > H 

tn \ • if B„ =-eC„.0.<r / . 


here B^‘s are the coefficients dependent upon. the crystalline electric 


field. 


Matrix elements between the states j L, S, J, J z ^ of various 

(6 7 8 9*) 

0 ' s are tabulated by a number of authors * * * , Those necessary 

n 

24 - 3 + 

for a crystalline field of orthorhombic symmetry and J = 7/2(£u • ,Gd ) 
are given on next page. 



o o otoo 
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F + 

1/2 + 3/2 + 5/2 

+ 7/2 4-J 

- 2 

F (+5/211-3/2) (+7/2|| ? l/2> 

3 -5 

- 3 +1 

+ 7 

°4 12 

5/3 

735 

60 +9 

- 3 - 13 

+ 7 

3 6 60 

-77T 

3735~ 

120 -5 

% 

+ 9-5 

+ 1 




F 

(± 3/2 1| j 1/2} 


/2} (+7/2)|+3/2) 

! 

F /+7/2(l-5/2) 

°2 1 

2j/l5 

l/s" 

Jn 

0 6 

360 7^ 

°4 

•i/s 

Js 

5/S 



°6 24 

7 /T 5 


s/iT 




The numbers in column F are multiplying factors common to all elements 
in the row. 

For tetragonal fields 



cryst . 


n 0 ft 0 , R 0 0 

B 2 °2 + B 4 °4 


, R 4 A . R 0 
+ B 4 ® 4 + B 6 


0 4 

°6 + B 6 0 


4 

6 


In cubic fields the symmetry is such that Bg - 0, B^j - 5B B 
4 0 

and = - 21 Thus the operator equivalent form of J^ cr y St 

for cubic fields is 


cryst. * B 4° <°4 + 50 4 > + B 6 <°6 ' 210 i > 

Hyper fine interaction; The interaction of the magnetic moment of the 
electron with the magnetic moment of the nucleus is given by 


gg. 


'N 




( 1 k _ \ ) *^ r k * 3( V \ )( V^^ r k 


f(877"/3) £ (r k ) (s^.~T) J 


3 



IT 


wherein s and 1 are the spin and orbital angular momenta, I is 
K k 

the nuclear spin, g and g are the electronic and nuclear g-values,/ 3 ; 

N • 

a 

and /• ' are the Bohr and nuclear magnetons, r is the distance 
between electron and nucleus and £>(r) is the Dirac - delta fujiction. 


In the above expression for V the first two terms are 

N 

anisotropic and represent dipole - dipole interaction between the 
nuclear moment and the magnetic moment of the electron. To first 
order they contribute to the Hamiltonian of the system a term 
given by 

2,-. , , /_ _3 

= yg.. to cos 

anisotropic 


anisotropic 


= gg n £/:V <3 cos^e -n/r 3 ) i_ s 

H anient r-Oni r. N/ ■ 


Z Z 


The third term in the expression for v is the Fermi- 

N 

contact term and is isotropic.. Combining the isotropic and 
anisotropic terms, we have 

fS! - I{< Aoc^So where is the hyperfine tensor, 

hyperfine ^ p <’ ~ r 

If A is isotropic the hyperfine contribution to the effective 

Hamiltonian equals A I. S. 

In case I >1/2, the hyperfine interaction also includes 
the electrostatic interaction of the qu a drupole moment of the 
nucleus with the electric field gradient (at the nucleus). In the 
effective Hamiltonian this is reflected as 


f) / 

J"''quadrupole = Q 


, 1 

L z 


(1/3)1(11-1) 


+ q oj; 


/ // 

Q and Q being the q%drupole interaction constants. 


i 2 ) 

y 


The role of spin - orbit coupling in the spin-Hami ltonian 
has not been mentioned in the discussion as yet. The spin - orbit 
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coupling does not seem to enter into the effective Hamiltonian expli- 
citly, though it plays a great role in deciding the effectiveness of 
various effective spin - Hamiltonian parameters. The soin- orbit 
coupling splits the free ion terms and also the ground orbital singlet 
levels (through some complicated mechanism involving the higher lying 
orbitaliy degenerate states) and causes the zero - field splitting . 
The crystal field parameters such as b° thus depend on A , the 
spin - orbit coupling constant. This spin - orbit coupling also 
affects the g-vaiue which decreases if there be an orbitaliy dege- 
nerate level in the vicinity of the ground state e.g. in the case 
2+ 3-t- 

of Eu and Gd , because of the spin - orbit coupling^the g-value 
8 

g( changes to a new value f g’ given by 


.. ,2 . , 8 _ . , ,2 ,8 , 

g = (1 - c< ) g( S 7/2 ) + CK g< P 7 / 2 ) 

8 

where 0\ is the amount of admixture of P 7/2 * nt0 ground level 

8 _ . . . . 

& 7 y 2; and is given oy 


0*\ = Ju A / 1 e( 8 p ? / 2 ) -E(°s 7 y 2 )j 

Here EM stands -for the energy of the state X. 

Coming back to the hyperfine interaction one can, for 

axial fields, if the principal axes are taken to be the cartesian axes, 

write the hyperfine contribution to the spin - Hamiltonian^' byp e j.fi ne 

in the form 

It 


. = A S I + B(S I + S I ) +Q 

hyperfine zzz xx yy 


/ 


I - (1/3)I(I+1) 
z , 


Here A and B determine the axial hyperfine tensor and the second order 
terms in quadrupole interaction are not taken into consideration. 

2 + 

Considering the case of Eu ion, we find that its ground 


state is (4f^) 8 S, 


7/2* 


In a crystalline field this eight - fold 
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degeneracy is removed due to admixture with higher states^* In 
axial and lower symmetry, the J = 7/2 level splits into four 
Krammer’s doublets. In a cubic field also, because of spin - orbit 
coupling, the J = 7/2 state gives four spin doublets. The external 
magnetic field removes even the Krammer’s degeneracy and paramagnetic 
resonance absorption can be observed between the^esulting levels. The 
expressions for the energies of the levels M = + 7/2, + 5/2 
-7/2 when H Jj z axis of the crystalline field are given below. In 
these expressions the crystalline field is taken to be orthorhombic 
and g is assumed to be isotropic. 

E 7/2 = 7/2 gy^H + 2a + p 2 / [2H + 2(a - cjj 
E 5/2 = 5/2 gfi H + 2b + Q 2 /[ 2H H 2(b - d )] 

E 3/2 = 3/2 g /' 3H + 2c " P 2 /[ 2h+2( a - c)]+R 2 / |_2H + 2(c - d)J 

E l/2 = 1/2 g/3H + 2d - Q 2 /[2H +2(b - d>J+R 2 / j_2H +2 (d - c ) J 

E l/2 = ~l/2gy3 H + 2d + P 2 /[_2H -2(b -d)j -R 2 / [2H -2 (d - c)j 

E 3/2 = -3/2g/3H + 2c + p 2 / |2H-2(a -c)J-R 2 / \2E -2 ( c - d)j 

E _ s/2 = -5/2gy3H + 2b - Q 2 / [2H-2(b -d)j 

E _ 7/2 = H + 2a - P 2 / }2H - 2(a - c )j 

where. 


2a -■ 7bo + 

7bS + b° t 


2b = b 2 - 

13b® -5b ^ , 

»r 

2c = -3b 2 

-3b° +9b° , 


2d = -5b£ 

+%° -5b® , 




2.0 


P - s/Tl (b|/3 + b 2 /2) ; 

Q = /IT (b 2 + bj/io ) , 

B = Jl5 <2b 2 /3 - 2b 2 /5) ^ 

and b 2 = 3 B 2 , b 4 = 60 B 4 * b^ - l26o 

The sixth order terms are smal lienee they have not been included in 
the expressions for p, Q abd R which contribute to the energy of the 
levels in second order. 

The expressions for the various fine structure transitions are 

thus 


H +7/2 

= Ho 

+ 

2 (a- 

•b) - P 2 / 

[ 2H +7/2 

+ 2(a-c 3 +Q 2 / [2H +7/2 + 

2 (b-d)] 

-6/2 





-5/2 


-5/2 


H +5/2 

= Ho 

*-* 

4* 

2 (b- 

•c ) — Q j | 

- 2H +5/2 

t 2 (b-d] -P /[2H +5/2 + 

2(a-c)] 

-3/2 





-3/2 


-3/2 




4- 

R 2 / 

[ 2H +5/2 t 

2<c-d)l 

! 







-3/2 





H 43/2 

= Ho 

«*> 

+ 

2 (c- 

, 2 , i 

*d) 4- P / 

[ 2H + 3/2 

± S?! [2H +3/2 + 

2(c-d )] 

«l/2 





-1/2 


-1/2 




P* 

o 2 / 

C 2H +3/2 t 

2 (b-d ) 

] + R 2 / [2H +3/2± 2 

(d-c )] 






/2 


-1/2 



H +l/2 

= Ho 

4* 

Q 2 / 

C 2H +l/2 +2<b - d) ] 

■Jl [ 2h +1 /2 +2(d 

-c)] + 




4- 

Q 2 / 

Kl/2 - 

2 (b-d)] 

_R 2 / f2H +l/2 -2 (d 

-c] 



here B M stands for M^M-1 transition and Ho - h >>/g j% 

Expressions for H^’s when H is parallel to x or y principal axis 
can be obtained from those for H parallel to z by making the transforma- 


tions as given in table II. 1 



21 


Table II. 1 

Transformation of b m s 

n 



H//x 

(~b° + b 2 )/2 

(3b ° - b 2 + bj)/8 
4 4 4 

(-5b°+b| - b<+ b b )/ l6 
<-b°-b ^/SJ/a 

<5b 4 ' b 4" >/2 


H//y 

(-b“-b|)/2 
<3b° + b^ )/8 

- b 6 )/16 

)/2 

(5b 4-*l- b 4 )/2 


The H 's corresponding to the cubic crystalline field can 
M 

be obtained from the equations for the orthorhombic field by putting 

b2 = bj? = b 2 = b 2 =x b^ = 0, b^ = 5b ° and b^f = -21b°. 

2 2 4 6 6 44 6 6 

Europium has two stable isotopes of nearly equal natural 

abundance. Both the isotopes have I = 5/2. Therefore, each of the 

seven allowed fine structure transitions (j \ M = 4-1) between the 

set of levels M = 4- 7/2, 4- 5/2, ... , -7/2 splits into twelve hyper- 

fine components (£m=0) . The hyperfine correction to the fine 

structure transitions M^M-1 in axial crystalline field^after neglecting 

. . (12-) 

the quadrupole correct i on ^is given as 

h.f.c. = Km 4- (B 2 /2H q ) ( (A 2 +K 2 )/K 2 ) [l(I+l )-m 2 J 

4- (B 2 /2H ) (A/K )m (2M-1 ) 
o 

2 2 2 2 2 2 2 

wherein K =A g cos y 4- B g, sin e , g )( being the value of g 
along z-axis, its value in x-y plane and 0 is the angle measured 
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from z-axis. 

If A is assumed to be isotropic, as is approximately the 
case for S-state ions 

h.f.c. * Am + (A 2 /2H 0 ) [l(I+l)-m 2 ] <2M-1 ) (A 2 /2H 0 ). 

At ordinary temperatures, the relative intensities I^s 
of the fine structure transitions M^M-l are 

*+7/2 *+5/2 *+3/2 *+1/2 *-1/2 *-3/2 I -5/2 

7 12 15 16 15 12 7 

But at low temperatures the relative intensities are much different 

from those mentioned above for ordinary temperatures, and actually 

depend upon the sign of b° 2 . The sign of b£ ( ’ 13) can thus be 

determined by observing the relative intensities of the fine 

structure lines (or hyperfine groups) at liquid HelLHim temperature. 

The relative signs of b° and A, and the value of A are determined 

by the measurement of the hyperfine separations of different hyper- 

fine groups. The knowledge of the value of A t coupled with the 

experimental hyperfine line positions, then gives H^*s , the 

field values at which absorption would have taken place, had there 

been no hyperfine interaction. By knowing H^*s along the three 

principal axes ene can calculate H q and the various b^ parameters. 

The value of g can be calculated from that of H by using the 

o 

relation 

g = hO/ H q 

In order to calculate the zero-field splitting it would 
not be correct to calculate the values of EL * s from the expressions 
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already given for these, by putting H = 0 , because the second order 

2 2 

contribution of perturbation terms, involving bg and b^, in the 

spin - Hamiltonian (of the ion) will be comparable to the zero order 

energies. Therefore, we substitute the values of various parameters 

in the elements of the matrix given in Table II. 2 and diagonalise 

2 2 

it. This matrix includes the contribution of bg and b^ in off- 
diagonal terms. The two fold degenerate eigenvalues obtained^ after 
diagonalisation of the matrix represent the zero field splittings. 
There is also a hyperfine splitting of these zero-field levels. 

Table II. 2 

The matrix representing the contribution of various terms in 
orthorhombic symmetry for the ion with J = 7/2. The parameters 
2a,2b, 2c,2d, P,Q,and R are already explained in the text. The mat- 


rix is 

symmetric 

about the main 

diagonal 

• 




M 

7/2 

5/2 3/2 

1/2 

-1/2 

-3/2 

-5/2 

-7/2 

7/2 

7H/2+2a 

0 P 

0 

0 

0 

0 

>0 

5/2 


5H/2+2b 0 

Q 

0 

0 

0 

0 

3/2 


3H/2+2c 

0 

B 

0 

0 

0 

1/2 



H/2 +2d 

0 

R 

0 

0 

-1/2 




-H/2+2d 

0 

Q 

0 

-3/2 

-5/2 

-7/2 





-3H/2+2C 

0 P 

^5P/2+2b 0 

-7H/2+2a 


-7H/2+2a 
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CHAPTER III 


THEORY RELATED TO ELECTRON PARAMAGNETIC RESONANCE 
OF VANADYL COMPLEXES 

2+ 

VO usually occurs in octahedral coordination with its 

2 + 

suxnounding atoms or ligands. In VO - doped (NH^^SO^ single 
crystals^ studied presently^ similar type of bonding is expected. 

o jl 

V of VO is expected to be bonded to six oxygen atoros'On e °* 
these six oxygen atoms is that of vanadyl ion itself while the 
rest five belong to the surroundings, 

Ballhausen and Gray^^ have given the molecular orbital 
2 + 

picture of VO bonded with five other oxygens belonging to water 

molecule ligands. This is shown in figure 3.1. The 3d, 4s and 4p 

metal orbitals along with the 2s, 2p.and 2p n ~ (2p , 2p ) orbitals 

of oxide (vanadyl) oxygen and the sp^ hybrid orbitals for the water 

oxygens are used for bonding. In view of the sufficiently long 

o 

V to 0 bond - length (~2.3A), and further because the combining 
orbitals are so aligned as to have little overlap the 7T -bonding 
involving the vanadium orbitals and water oxygens seems unlikely 

and thus will be ignored . V having the surroundings as shown in 

figure 3.1 has C^ v site symmetry. The transformation scheme for 

the metal and ligand orbitals in C ^ symmetry is given in table III.l 

2+ 

The bonding in VO^Q)^ is pictured as follows: 
a strong rf bond of symmetry a. between the sp oxygen hybrid orbital 

X v 

iV r z) and the ( 4s -f 3d o) vanadium hybrid orbital; two JT -bonds of 
° z 

symmetry e between the vanadyl oxygen 2p and 2p orbitals (77V) 

"X y o 

and the vanadium 3d and 3d, r , orbitals, make a total of three vanadium 

xz y z 
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Table III.l 

$ 

Transformation scheme for metal and ligand orbitals in C symmetry. 

4v 


Repres entation 

Vanadium orbitals 

Ligand orbitals 

a l 

3d z 2 + 4s 

*5 


4s - 3d 2 
z 

(cf l + ^2 + ^3 + 


4p 2 

*6 

e 

3d xz' 3 V 

7T 5 (2 P x . 2p y ) 


4p x . 4 Py 

<(T 1 -cr 3 )/j 2 ,(<r 2 -<g)/J? 

b l 

3d 2 2 

x - y 

<<r i*«2 +<r 3 -<r^>/2 

b 2 

3d 



x y 



* Reference (1), 


2+ 

to oxygen bonds in VO and , accordingly , explain why vanadyl 

2 + 

VO is the strongest link in VO (f^OJg . The four waters in the 

square plane (figure 3.1) are equivalent and the s^hybrid orbitals 

of these equivalent water oxygens <f 3 and <f^) with the 

vanadium (4s « 3d 2) (a.) , 4p and 4p (e), and 3d 2 2(b ) 

z x x y ^ j x 

orbitals make the next four bonds. The sixth ligand, the axial 
water oxygen ( <f“,) is bonded to the remaining vanadium 4 (a^ ) 

U 
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orbital. The 3d vanadium orbital , of symmetry b 2 » is non- 
bonding. 


The L.C.A.O. «* M.O. description of the complex is shown 

in figure 3.2, There are a total of seventeen electrons to be 

filled. Thus the unpaired electron lies in the nonbonding b 0 

vanadium orbital (3d ). Because of the proximity of the e and 

xy 7T 

•ji 

b^ level to the b 2 level, g is anisotropic and 

g jt * 2,0023 [l- 4^o?/ AE(b 2 ^bi*fj ...(3.1) 

g ± = 2.0023 [l- Xi 2 / A EO^e* )J ...(3.2) 

Here /\ is the spin - orbit coupling constant, c< and / indicate 
the covalent character andAE is the energy separation. Two constants 
are needed for the covalent char acter because the symmetry of the 
complex is C 4v . For zero covalent character ok = '/ =1 

O jL 

If^because of some constraints ,V-0 bond of VO is not 

perpendicular to the square plane of oxygens^ 0^, 0 2 , 0^ and 0^ , 

or if the square plane becomes a rectangle, the site symmetry of 

V'^ is less than C . Now if further, the V-0 bond is not parallel to 
4v / * 

7 

the line joining the vanadium and oxygen 0 there is no symmetry 

6 * 

in the complex. But even in such cases^because of the fact that 

most of the bonding is in the vanadyl ion itself, the local symmetry 

/ 

can be taken to be almost a tetragonal one, the low-svmmetry compo- 
nents acting simply as a perturbation. The perturbation of no symmetry 
will cause the degenerate e^p level of C^ v symmetry to split into 
two orbital singlet levels, say a and a ,and thus electronic transi- 

; X y^ 

tions b ->e__ will split into two transitions b^-^a and b 0 ->a , 

2 7! 2. x 2 y 
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In such complexes V-0 will exhibit anisotropic g-value and the 
principal values of the g-tensor will be given by 

9 = ( 5 9 ) = 2.0023 jl- 4Ao<, 2 /^E(b 2 -»b 1 *)J ...(3.3) 

g x = 2.0023 j* 1 -XYx / ^ ECb 2~ >a x^ ...(3.4) 

g y = 2.0023 | 1- Ay^ A E < b 2“* a y>] ...(3.5) 

wherein y and J are the new constants needed for the covalent 
x 1 y 

character which ceases to be axial. 

Covalent bonding reduces^ the hyperfine splitting due 

to the nuclei of the paramagnetic centre itself^because this splitting 

depends on /1/r . Analogously, it increases the superhyperfine 

splitting due to the nuclei of the ligands • surrounding the ion in 

question. Covalent bonding is established to occur in all the vanadyl 

(3) 

complexes for example in VOSO^ this has been done by comparing 
the paramagnetic resonance data with the results of optical 
absorption spectra and x-ray analysis. 

In vanadyl ion complexes the unpaired electron is in the 
orbital singlet state b^. On the application of a magnetic field 
this spin - doublet splits into two and paramagnetic resonance 
absorption can be observed between the two levels. So we have 
a case of effective spin S = 1/2 . 

As S = 1/2, the crystal field terms do not enter into the 
spin - Hamiltonian and thus the resonance data are described by 
a spin - Hamiltonian of the form 
K = H.g.S + S.A. I 


# * • 


(3.6) 
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where is the Bohr magneton , H the applied magnetic field, 

S (S = l/2) and^*the electron and nuclear spin vectors and g and 
A are symmetric second rank tensors describing the interaction of 
the electron spin with the applied field and the nuclear spin respec- 
tively. 


The energy eigen values for this spin - Hamiltonian in 
the general case, where g and a are not required to be axially 
symmetric and their principal axes are not required to be parallel, 
are 

E = g^g HM + mM(H.£.A.A.g Jb^/g + second order terms ...(3.7) 
where g, the spectroscopic splitting factor is given by 

g = (H.g.g.H) l/2 ...(3.8) 

ir 

/V 

H being a unit vector parallel to the applied magnetic field H , 
and M and m are quantum numbers associated respectively with the 
electron and nuclear spin. 

Thus the observed transitions, which obey the selection rule.s 
AM = 1 and Am = 0,are given by 

h-*> = g£H + m (H.guA.A.g.H^/y/g + second order terms .,.(3.9) 

-x) being the klystron frequency. 

If the tensor g is isotropic and A is axial, equation (3,9) 

/*v> r* 

reduces to 

H(m) = H q - Km/gp - (B 2 /4H Q g 2 £ 2 K 2 ) ( A 2 + K 2 ) [l(I+l)-«p 2 J 

- [(A 2 -B 2 ) 2 /2H 0 g 2 £ 2 K 2 ] sin 2 0 cos 2 0 m 2 ..,(3.10) 

2 2 2 2 2 

with H o = h-J/g^g he K = A cos Q + B sin © , ©being the angle 

between the(axial) symmetry axis of A and the direction of magnetic field H. 
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2 x 51 

In the case of VO as I = 7/2 ( V being the almost cent 
percent abundant isotope), m may have the values 4 - 7/2, 5/2 ... ? - 7/2 
and thus there are eight hyperfine transitions. The transitions 
are equally spaced in first order theory. The second order contri- 
bution makes the separation between the adjacent hyperfine lines 
unequal. From the above expression (3.9) for H (m) we find that 
[H(m= -I) +H( m * 4 - 1 ) + second order termsj = 2h-^/ g R 
or 3 g = (2h -0 / ft ) ^H(m=-I) 4 - H(m = +1) 4- second order terms”] 

* Ojjppjj ^DPPHy/ + H ( m= + I) + second order terms] 

...(3.11) 

The second order terms may be evaluated with enough accuracy from 
equation (3.10) by assuming that g is scalar and A is axial. 

Further in first order (identical to second order in axial 

2+s 

case^as we have approximately the case for VO ) 

[ H (m = -I)— H(m= +1)] /2I * (H.g.A.A.g.H) l/2 / g 2 £ ... (3.12) 

In order to find the principal values and corresponding 
direction cosines of g and A tensors a general method indicated by 
Schonland^ is usually adopted. 

Angular variation of g-values is plotted in three mutually 
perpendicular planes. In the case of an orthorhombic lattice such 
three planes could be the three basal planes ab, be and ca. Maxi- 
mum and minimum values of g are found in each of the three basal 
planes. .Also found is the value of 0 (*04-) at which g equals 
g ■ , the maximum value of g in any plane, 0 being measured in 

conformity with right handed system of axes a, b and c. Then one 

2 

evaluates the values of the components X. . of the g (5 g.g) tensor. 

1 ] *** ^ 
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If 2oC= 

+ 0 1 » 2 ,3* 

<- 

2 2 
g ) cos 2 0 » 

*** T 

2V = 

2 2 

! ^g+-g_) sin20 + the 

expressions 

for X. . in 
ij 

terms 

ofo< t $, and 

are 

as follows 

X 11 

= ^3 + jS 3 

X 22 


X 

*33 

= 0( 2 + ^2 

X 22 

= C V^3 

X 33 


X 

11 


X 12 

=! V 3 

X 

23 

* V 1 

X 31 

= V 2 ...(3.13) 


In y .^ySj andy. the suffix i = 3 stands for values in ab plane, 

i = 2 in <va plane and i = 1 in b c plane. The knowledge of nine 

2 2 

X (X.. = X. ) gives the matrix for the g tensor. The g - matrix 
ij J 1 ij ' s ' 

so obtained is diagonalized and its eigenvalues and eigen vectors 
determined . The square roots of the three eigen values so deter- 
mined gives the principal values of the g - tensor, and the eigen 


vectors determine the direction cosines of the principal axes with 
respect to the a, b, c system of axes. 


Since the sign of V depends on the sign of O, there exists 

an ambiguity about its sign. One can choose two of theV's V , 

1 2 

and y to be positive. In order to decide the sign of third y, 

(4 ) 

according to Schonland , one takes both positive and negative 
values for this third y . Che thus gets two sets of three y*s each. 
For both of these sets ofV’s , the eigenvalues and eigenvectors 
of the matrix are determined, and then the measurements are made in 
some fourth plane and out of two sets ofy*s one which fits the 
data in the fourth plane more closely, is sorted out. But for para- 
magnetic centres having axial g-tensor as is approximately the case 
of VO - complexes all this can be eliminated because in this parti- 
cular case tan Q . tan ft tan = 1 ... (3,14) 

+1 u +2 u +3 
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wherein CS . Q and Q are the angles measured from b t c and 
° +1 ‘ °+2 +3 

a axes respectively t in be, ca and ab planes taken in that order. 

The angles specify the position of maximum g in the different planes. 

Next, one plots the angular variation of the value of the 
expression ^H(m=7/2)^H (m=-7/2)J fl in the three basal planes; 
and, by using the equation (3.12) and a procedure similar to that 
for g.g , the elements of the tensor g A.A.g are determined. Using 
the matrices for g, A.A.g and g.g the matrix for A. A is then 
calculated. The matrix for on diagonalization gives the principal 
values and the direction cosines of the tensor A, 
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Fig. 3-f- S fracture of fhe VO^H^O)^ molecular Jon. 




?+ 2 + 

Fig. 3-2 ~ Bonding diagram for VO in VO(H^O) s , /he site 

symme-trg being C+y . ( Ligand Field Theory : 
Ba/fhausen , page Z30) 



CHAPTER IV 


EXPER IMENTAL DETAILS 

GENERAL 

A Varian V-4502-12 EPR spectrometer with a 9 inch magnet 

and 100 Kc/sec field modulation was used to study the paramagnetic 

resonance absorption. The spectra were recorded by a G~14 strip 

chart recorder. Varian V-4540 variable temperature- controller was 

used to obtain the regulated temperatures from 300°C to liquid 

nitrogen temperature for the sample under study. Angular variation 

was studi-jd by using a Varian V-4533 rotating cavity. This cavity , 

with suitable mounting of the crystals, permitted the recording 

of spectra while H Was rotated in crystal (001) and (110) planes 
2+ 

for Eu - doped alkali chloride crystals, and in basal planes 

2 + 

ab, be and ca in the case of VO -doped ammonium sulphate single 
crystals. (The ammonium sulphate crystals have an orthorhombic unit 
cell). DPPH resonance served as a field marker. Its field was 
calculated by measuring the frequency of proton resonance with a 
Hewlett Packard frequency counter HP524C. The optical absorption 
spectra were taken with the help of a Cary - 14 spectrophotometer. 

CRYSTAL GROWING 

Europium doped alkali chloride single crystals were grown 
from the melt. Alkali chloride powder (Analar grade) was toixed with 
approximately 0.02% by weight of EuC^ and then the mixture was 
evenly grinded. The resulting powder was transferred to a quartz 
crystal growing crucible of usual shape and heated under vacuum for 
about 8-10 hours to remove air and any trace of water, present . The 
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tube was then sealed under vacuum and lowered through a temperature 
gradient in a furnace employing the Stockberger^ technique. The 
lowering rate was kept at about 2-3 mm/hour. The temperature was 
controlled within + 5°C by using a Hornwell Variable Temperature 
Controller. 

VO -doped ammonium sulphate crystals were grown by slow 
evaporation of a saturated solution of ammonium sulphate containing 
a known quantity of vanadyl sulphate, Ammonium sulphate used 
was of B.D.H. Analar grade. In one of the typical successful crystal 
growing attempts 50c.c, of the saturated solution of ammonium sulphate 
containing about 17.5 milligrams of VOSO^.SH^O were kept for evapo- 
ration. Nice crystals with shining faces appeared after fifteen 
days. Some of the crystals thus obtained had hexagonal plate-like 
look, whereas the majority of them possessed long prismatic shape. 

Some of such prisms were as long as 25mm. Further, a lower tempera - 
ture of the surroundings improved the growth rate and the size 
of the crystals. 


MOUNTING OF CRYSTALS 

In order to study the angular variation of the electron 
paramagnetic resonance spectra it is necessary to rotate the crystal 
about .suitable crystal axes with respect to the direction of the 
external magnetic field H. The suitable axes are <(001> and O.10) 
for alkali chlorides and a,b, and c for ammonium sulphate. In the 
present experiments, this was accomplished by mounting properly 
cut crystal pieces on teflon rods with suitable wedges. The alkali 
chloride crystals easily cleave to the shape of a cuboid. The 


• D,C. Stockberger, Rev. Sci. Instru. 7, 133 (1956). 
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(alkali chloride) crystals cut to this shape were, therefore, used 

24 - 

for mounting purposes. In the case of VO cfoped ammonium sulphate 
crystals the help was taken of its growth habit* and the fact 
that these crystals cleave in their (001) planes. 


* The direction of the longest dimension in the prismatic crystals 
of ammonium sulphate is crystal a-axis, This was confirmed by 
the study of their x-ray patterns. 



CHAFTEE V 


ELECTRON PARAMASNSTIC RESONANCE OF Eu 2+ -DOFED KC1 

Abstract 

EPS. of Eu has been observed in doped single crystals 

of KC1 at X-band from liquid Nitrogen temperature to 300°C, The 

2+ 

room temperature spectrum is attributed to Eu substituting for 
K + and associated with a vacancy in a first neighbour cation position. 
The corresponding crystal field parameters b™ and g and A are deter- 
mined. The signs of the parameters are also found by using the 
spectra reported by Nair, Lingam and Venkataraman (J. Phys. Chem. 
Solids 29, 2183 (1968)). The variation of b® with temperature is 
studied. At approximately 300°C a cubic spectrum appears. Its 
parameters b^ and are estimated. 

In going from NaCI to KC1 host the magnitude of * s 

, , 2 + 

f.und to decrease. This is contrary to what is observed for Mn - 
doped alkali chlorides. 



INTRODUCTION 


Enough experimental work has accumulated during the 

past few years on electron paramagnetic resonance (EPR ) spectra of 

(1 } 

S~state ions, in alkali halides. Watkins % Morigaki, Fujimoto 

( 2 ) ( 3 ) (4) 

and Itoh, Yokozama and Kazumat a , and Shrivastava and Venkateswarlu 

2+ i . (5 ) 

have dealt with EPR spectra of Mn in alkali chlorides. Rohrig 

2 + 

has reported the crystalline field parameters for Eu -doped NaCl. 

Proceeding on the similar lines an investigation of the EPR spectra 
24- 

of Eu -doped KC1 has been attempted and the results obtained are 
published^). During the progress of this work, the EPR of Eu - 

(7) . 

doped KI by Porret and Lambert has appeared in the literature. 

(ft ) 

Recently, Nair, Lingam and Venkataraman 1 have also reported the 
crystal field parameters for Eu 2+ in KC1 by extending the studies 
to liquid Helium temperature. 

ORTHORHOMBIC SPECTRUM AND ITS ORIGIN 

EPR of Eu 2+ has been observed in doped single crystals 
of KC1 at X-band from. liquid Nitrogen temperature to 300°C. Angular 
variation of the line positions suggests that from 250 C to as 
low as liquid Nitrogen temperature, the Eu ion in KC1 lattice 
is associated with a crystalline field of orthorhombic symmetry, 

k 

The probable origin of such a crystalline field could be in 

2 

1 ) Eu 2+ substituting for K + and a Cl “ molecular ion 
substituting for Cl" nearest to Eu 2+ , the resulting site symmetry 
axis being along <(p 0 l) . 
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2) Eu substituting for K + and causing a first neighbour 

cation vacancy, the resulting site symmetry axis being along Olo)> or, 
2+ 

3) Eu occupying some interstitial position and thus 
causing two K vacancies at nearest cation positions whereby the 
site symmetry axis will be along (00l) . 

2 + 

The possibility of Eu occupying an interstitial posi - 
tion in KC1 lattice is a remote one because the largest spherical 
space available at an interstitial position has a radius of .91 
whereas Eu^ + has a radius of 1.14 $ ^ ^ 

2 - 

If Cl„ is responsible for the crystalline field at the 

2 + . 

Eu site, it could go into the lattice in such a way as to align 

its internuclear axis parallel to a ^001^> direction, prependicular 

2 +- 2 - 

to the line joining Eu and Cl^ itself,but in that case the 

spectra would be represented by model IV in the notations of 

Watkins ^ and Shrivastava and Venkateswarlu ^ \ end one would 
„ o ' * if 

expect two 90 parts IV arid IV along with IV when H is parallel 
to <001> . (Experimentally we do not get two 90 3 parts). 


2 - 

The other equilibrium position of Cl_ which can cause 

orthorhombic symmetry would be with its axis parallel to <^110^ , 

2 - # 

But this equilibrium position of is an unstable one and^ 

2 - 

therefore^the possibility of a Cl defect also appears to be 

remote. Thus a vacancy at a first neighbour cation position seems 

2 + . 

to be responsible for the crystalline field at the Eu site and 

the model seems to be the same as IIIj in the notationsjof Watkins ^ \ 

(4) , (2) 

Shrivastava and Venkateswarlu and Morigaki et al . Further 

support in favour of this model comes from the intensity and 

* 2 - 

At this equilibrium position Cl 0 has maximum potential pmavmr 
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polarization measurements of emission in sm 2+ - doped KC1 by Bron 

( 10 ) 2+ /M, 

and Heller and EPR studies of Eu -doped NaCl by Rohrig: b ' 

Bron and Heller have reached a conclusion that the local crys- 

* * 24 " O i 

tallme field at Sm site in Sn^ + - doped KC1 is ortharohombic with 

z-axis parallel to the crystal (.110} direction. We can thus expect 

2+ 

the charge compensation mechanism for Eu “doped KC1 to be the 

2-f* 2-f* 2-f- 

same as that in Sm doped KC1, because Sm and Eu“ have similar 

&) 

charges, radii and electron configurations, Rohrig also assumed 

the first neighbour cation sracancy as fesponsible for charge 
2+ 

compensation in Eu - doped NaCl lattice. 

Spin-Hami ltoni an parameters for the orthorhombic spectrum. 


Using this above model and taking the local site symmetry 
axis as z-axis the spectra obtained with H parallel to (001} and 
(110)were analysed. These spectra are shown in figures 5,1 and 5.2 
respectively. A spin - Hamiltonian suitable for orthorhombic 
symmetry 

-ri ,2k 2k -1 2k 2k 

#=<»£ H.S + O/3) r Q b 2 0 2 + (1/60) g o b 4 0 4 

. 2k o|c — ♦ -v. 

+ (1/1260) T, b, 07 + AI.S 

k=Q b b 

was used . Here the various terms have their usual meaning'! The 

expression for the spin-Hami ltoni an is the sane as that given 

m mm m 

in chapter II, but for the transformations b^ = 3B^, b^= 60B^ 
m „ m 

and b^ = 1260B^. The spin - Hamiltonian parameters obtained are 
given in table V.l. Results obtained for Eu^ + in NaCl by Rohrig^ \ 

2+ (7 ) 2± 

for Eu in KI by Porret and Lanbert » and for Eu - doped KC1 
( 8 ) 

by Nair et al are also included in the same table for the sake 
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of comparison. Due to the lack of liquid Helium temperature 

o (6) 

facilities the author did not determine the sign of b 2 earlier 

2+ 

But now the spectra for Eu - doped KC1 at liquid Helium tem- 

, ( 8 ) 

perature have been published by Nair et al . Using their spectra^ 
under the present choice of crystal principal - axes which differs 

( 5 ) 

from that of theirs, but coincides with those of Rohrig , Porret 

and Lambert the sign of b is found to be negative. The signs 

2 

of the parameters for Eu^-doped KC1 in table V.l, therefore, 

(6) . ’ 

differ from those reported by the author earlier. The results 

( 8 ) 


of the author very nearly coincide with those of Nair et al 
if the necessary transformations of principal axes are brought in 
There is a good correspondence between the various s pi n-Hami 1 1 on i an 
parameters for Eu in the three lattices, viz. KC1 , NaCl and 


KI . 


2+ 

There is no marked change in the spectra of Eu -doped 
KC1 in the temperature range from 250 C to liquid nitrogen 
temperature. The magnitude of b° is found to increase with the 
decrease of temperature. The temperature variation is linear 
as shown in figure 5.3, 


For a Eu^ + substituting at a cation position there 
are twelve positions for the first neighbour cation vacancy and, 
therefore , there are an equal number of possible orientations of 
the principal axes of the fine structure tensor. For anjj orien- 
tation of H, the directions of the princi-al axes of the fine 
structure tensor could be specified by two angles 0 and <p 
being the angle between the direction of H and the z-principal 
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axis of the crystalline field and <p the angle made by the projection 
of H in xy principal plane from the z-axis. Out of the twelve 
possible sets of (6,96) many become interrelated when H is/ 

(OOl) or {llO) , The possible independent sets of values of 

for the two orientations of H are given in table V.2. A 
symbol A,B,C or D is assigned to each such set (0,<^) , excepting 
the one with0= 60°, ^>=(1/2) cos" 1 (-1/3). 

CUBIC SPECTRUM 
0 

Spectra obtained at 300 C indicate the appearance of a 

cubic spectrum. In the cubic spectrum the resonance lines overlap 

each other and it almost looks like a distorted hyperfine set. 

Assignment of invidual lines is difficult, but still the constants 
0 0 

b^ , b^ and g have been estimated by using the fact that the whole 
spectrum may consist of seven closely spaced lines, each line 
being split into twelve by hyperfine interaction. 

The cubic field spin-Hami ltoni an parameters obtained 
at 300°C are 

g = 1.995 + .002 

0 -4 -1 

b =(2.68 + ,05) x 10 cm 
4 ** 

0 —4 —1 

b =(-0.82 +• .05) x 10 cm 
6 - 
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VARIATION OF b° ON CHANGING THE 
HOST CATION IN Mn 2+ AND Eu 2+ - DOPED ALKALI CHLORIDE 


17 S 


From the results of Watkins for Mn^ + -doped alkali chlorides 

we find that D) continuously increases as we go from LiCl to 

(5) - 

aCI. But from Rohrig's results and those mentioned in the present 
chapter we find that the magnitude of b° decreases fox Eu 2+ ~doped 
alkali chlorides from NaCl to KC1. In fact the sign of would be 

2-f 

the same for Eu in both NaCl ^nd KC1 „ This choice would make 
the signs of identical in the two hosts. (Rohrig did not determine 
the absolute sign of b^ )« Further support regarding the identity 
of signs in the two cases comes from a study of the EFR of Eu in 
RbCl as reported in the next chapter. Watkins^ explained the 

increase in b® for Mn 2+ - doped in LiCl through KC1 by taking into 

<£* 

consideration the change in the ratio of anion to cation radii in 

the above hosts . This ratio determines the overlap of Mn 2 "^ (divalent 

impurity) with the first neighbour cation and hence the effect of 

24* 

a first neighbour cation vacancy on Mn . The larger the ratio of 
anion to cation fadii, more is the effect of the first neighbour 

2-j- visualised 

vacancy on Kn . (This could be A &een from figure 7.2 of chapter VII), 

In this way one can understand the observed change in b^ for Mn 2+ 

• from LiCl through KC1 hosts. The above explanation for the variation 
of b2 is important for Eu -doped alkali chlorides as well, but the 
distance of the vacancy from the substituting divalent impurity also 
affects the value of bJj. In a classical picture b° should vary as 


-3 


r being the distance of the vacancy from the divalent impurity 


ion, Perhaps^ this second effect of variation of b° as r is more 
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2+ 

important for Eu *- doped alkali chlorides and thus we expect a 
o 

decrease in b 2 as we move from NaCl to KC1. The explanations 
suggested for the variation of b^ from one alkali chloride to another 
do not involve the absolute value of b°. An explanation involving 
the absolute value of b° will be given in chapter VI. 

ADMIXTURE OF S STATE INTO THE GROUND 
8 S STATE 


Assuming that it is mainly the 8 P state which has an 
8 7/2 

admixture with the 9 rounc * state, we can estimate the fraction 

of admixture©^ by using the formula 

g = a-oc 2 ) g < 8 s 7/2 > +ci 2 9 c6p 7/ 2 )- 

where g = 2,0023 and gi^P^) = 1.716. The experimental 

2 

value of g is 1.994, hence we get - .029 or «<= .17 . This value 
of o<, seems to be of the right order of magnitude as £*( * s T^ren by 
the following expression 

'8, 


<*= A< s 7/2 ft.1| p 7/2 >/[e p -eJ 


= Juki fE p - E s 'j 


~ 1320 x J 14 /29150^.169 


-1 


wherein^, the spin-orbit coupling constant is taken to be 1320cm 
\ 2+ 

This value of/\ for Eu has been estimated by linear interpolation 

3‘f' (li ^ 

of the values of,\ calculated for Eu and Eu by Judd and Lindgren 

1 O i ""1 

They calculated \ =136lcm for Eu ^ and X= 1228 cm for Eu , (E “E ) 

-1 ^ (12) 
is taken to be 29,150cm , the value found by Reisfeld and Glasner 

for the centre of gravity of the first main absorption band in 

2 + 

Eu -doped KC1 . 
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ZERO - FIELD SPLITTING 

If we neglect the hyperfine interaction, the ground state 

8 

S ^/2 would split into four Krammers doublets in the absence of the 
magnetic field. The effect of the hyperfine interaction is to give 
a set of twelve doublets from each of the four Krammers doublets. At 
zero magnetic field, therefore, we have forty eight doublets. In 
order to find their relative positions the only necessary thing, 
to be done is to find the*relative positions of the four parent 
doublets; the twelve doublets obtained from each of the parent doublet 
being arranged almost in the same fashion as the absorption lines 

24- 

in a hyperfine group of Eu EPR spectrum. The relative positions 

of the four parent doublets are obtained by diagonalizat ion of the 

matrix of the spin-Hamiltonian (given on page 23 of chapter II) 

after putting H = 0 , and using the experimental values of various 

b” 1 parameters . The four doublets are found to be separated by 
n 

0.082 , 0,125 and 0.184cm" 1 . 
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Table V.l 


2 +- 

Spin-Hami ltonian parameters for Eu in KC1, NaCl 
and KI at 25°C. Here b* = 3B™, b“ = 6GB^‘ and bg*126CBj ■ 


Parameter 

Eu 2+ in NaCl 3 
xlO"^cm 1 

2+. 

Eu in KC1 
(present work) 
xlO^cm -1 

_ 2+ . r^ T b 

Eu m KI 

xlO^cm” 1 

Eu 2+ in KC1 C 

in ^auss 

g 

1. 994+. 002 

1. 994+. 002 

r 112,009+. 01 

Ul .995+. 002 

1. 9922+. 0006 

b 2 

265+ 3 

-218,3+3.2 

235+3 

342.5+1 

b 1 " 

2 

646+ 3 

-462.9+6.5 

-486+9 



-2,4+1 .0 

1.70+.25 

-3. 0+1. 2 

-4. 9+0. 2 


50+10 

-25.2+1.8 

-72 jr 12 


,4 

b 4 

26+8 

— 20« 2+2 , 5 

60+15 


b° 

6 


t 50+*l5 

krf 


0.3+0. 2 

b 6 +b f 


-5. 9+1. 5 



b I 


4. 6+2. 5 



A 151 

31.1+ .3 

— 30.5+.3 



A 153 

13.8+.2 

-13.5+.2 




* bjr and bf could not be separated because spectra were analysed 
only along the principal axes. 


a From reference (5). 
b From reference (7), 
c From reference (8). 



48 


Table V.2 


Classification of t he orientation of fine structure 
axes with respect to H. Also given are the symbols 
by which the corresponding spectra are marked in 
figures 5.1 and 5.2 


H. parallel to 

e 

jjj 

< -p Abundance 

Symbo 1 

<001> 

90° 

o 

o 

O' 

A 


45° 

CO 

o 

o 

B 

<110> 

0° 

2 

C 


90° 

0° 2 

D 


60° 

%cos ^(-1/3) 8 

Not marked in 
figure 


* Abundance indicates the number of different orientations of the 
fine structure tensor which could be represented by the set of 6 
and given in the corresponding row. 
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THE SYMBOLS A AND B ARE AS EXPLAINED IN TABLE Y . 



EXPLAINED IN TABLE 2L2 







CHAPTER VI 


ELECTRON PARAMAGNETIC RESONANCE OF Eu 2+ ~DOFED RbCl 


Abstract 

Two types of spectra, one orthorhombic and the other cubic 

2+ 

hnve been observed for Eu in RbCl single crystal host. The orthor- 
hombic spectrum is similar to that observed in other alkali halides. 

The corresponding crystal field parameters are determined. From the 

0 

results of chapter V it is known that the crystal field parameter b 2 
is negative for Eu 2+ -doped alkali chlorides. But it is positive for 

24 - 

Mn associated with a first -neighbour cation vacancy in alkali chlo- 

0 2+ 
rides. The absolute value of b 2 * however, increases for both Mn 

0 4 - 

and Eu -doped alkali chlorides if the alkali ion. is replaced by the 

one (another alkali ion) following it in the periodic table. A 

qualitative explanation is suggested by considering the simultaneous 

linear and quadratic dependence of b!> on <(r^> t the radial factor 

in the second order term of the crystalline field potential, being 

a lattice sum. The abnormal widths of the lines are related to probable 

off-centre positions of Eu 2+ in the RbCl host. The spectrum which 

builds up in intensity at ^ 200°C is confirmed to be cubic , The 

0 0 

upper limits of its b^ and parameters are estimated. 

* A Jjo-jsc*. ixxS«-c{. ©TV <4 "B ML •lO-ovk. ^Lt-Sorri eJ- MTL CUvii c4\ik- fittA. As ~tb 

ajfre**. ^ cU^Y^ 5 vel No ‘ 
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INTRODUCTION 

As reported in chapter V ^ the magnitude of the parameter 
0 2+ 

t> 2 for Eu decreases as we move from NaCl to KC1 host. This is 
contrary to what has been observed in the case of Mn 2+ « doped alkali 
chlorides. In order to find out whether the magnitude of b^ further 
decreases if we move to RbCl t a study of the electron paramagnetic 
resonance (EPR ) spectrum of Eu •-’doped RbCl is undertaken. Further 

Q 1 1 

such a study is expected to give information about the manner Eu 

gets into the RbCl host crystal and also about the lattice defects, if 

o+ 

any. It may be noted here that no EPR studies on Eu in RbCl have 
been reported as yet in the literature. 

Rohrig^ 1 -^ and Porret and Lambert ^ have reported the EPR of 

2+ 2+ 

Eu doped in NaCl and KI respectively, whereas Eu -doped KC1 has 

been studied by the author^ and Nair, Lingam and Venkataraman^ , 

All of them report a prominent orthorhombic spectrum for the ion 

with line widths as are normally encountered in diamagnetic hosts. 

2 i 

In this chapter a study of Eu -doped RbCl is reported and the 
observed line widths, which are abnormally large, are attributed to 
the probable off-centre positions of Eu^ + ion in RbCl. 

Two types of spectra have been obtained. The first one 
exhibits an orthorhombic site symmetry for the magnetic ion and will 
be called an orthorhombic spectrum. The second one indicates a cubic 
site symmetry for the magnetic ion and will be called a cubic spectrum. 
The orthorhombic spectrum is shown in figures 6.1, 6.2 and 6.6 for 
different orientations and temperatures of the crystal while figures 
6.8 and 6.9 show the cubic spectrum. The orthorhombic spectrum shows 
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the expected fine structure involving the seven transitions 

and a partly resolved hyperfine structure. The hyperfine 

structure is better resolved in the cubic spectrum at high tem- 
6-8 & 

peratures (figure$6. 9) . As indicated in chapter II Eu has two 
151 153 

isotopes Eu and Eu with almost equal natural percentage 
abundances (47.82 and 52.18% respectively }. The spin of both nuclei 
is 5/2 and one expects a total of 12 hyperfine structure lines if 
the spectrum is well resolved. 

ORTHORHOMBIC SPECTRUM 

As far as the total spread and its angular variation is 

2+ 

concerned, the orthorhombic spectrum obtained for Eu -doped RbCl 
is found to have the same nature as reported in chapter V for Eu^ + - 
doped KC1. (The x,y, and z-axes of the crystalline field acting 

O i — 

on the Eu ion lie respectively along /110) » £001) and (lio) t 
and other symmetry related directions). The same convention as in 
chapter V of designating the spectra by the pair .of angles (0,^) 
is, therefore, followed. Here 0 is the angle between the direction 
of the magnetic field H and the z magnetic axis and represents the 
angle which the projection of H in xy plane of magnetic axes makes 
from the x-axis. As shown in figure 6.1 (90°, 90°) and (45°, 0°) 
spectra are obtained for 'At/ (001) , and as in figure 6.2 (0° j — ) 
and (90° • 0°) spectra are observed when H//01O^ . The 
(60°»^cos~ 1 (-1/3)) spectrum which should appear when is 

completely masked by the lines of the other spectra due to increased 
line widths. 

Because of the above mentioned similarities in the 
24 - 

spectra of Eu in KC1 and RbCl hosts, the same model as in 
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Eu ~ doped KC1 of a defect in OlO^ direction is assumed to hold 
tr -e for Eu - doped RbCl too. The spectra for Eu 2+ ~doped RbCl 
have some peculiarities mainly with regard to the widths of the 
lines. As seen in figure 6.1, out of the two sets of spectra 
A s (90°, 90°) and B = (45°, 0°) observed for H// (001) t the 
hyperfine groups corresponding only to the set A which has more 
separation as compared to t'he other ( B) are unmasked from the 
neighbouring groups. The hyperfine groups of the set B have much 
of overlap. In the case of KC1 host all the lines of the set (90°, 90°) 
had a width of~ 6gaus$,but in RbCl host the corresponding widths 
show much of variation. As most of the hyperfine groups were 
unresolved, because of abnormal widths, which were present even at 
liquid Nitrogen temperature, the centres of the hyperfine groups were 
taken as the approximate positions of the fine structure transitions. 

The following spin - Hamiltonian suitable for orthorhombic 
synmetry (see chapter II) is used: 

jp * — * —»♦ 2k 2k <r~ . 2k 2k 

ft ~ Qft H.S + 2- =o (i/3) b 2 0 2 + X. (1/60) b 4 0 4 ...(6.1) 

m m 

wherein g*y0 , t> n and 0^ have the usual meanings as defined in 
chapter II. In this expression the higher order terms are neglected 
taking into consideration the limited accuracy of the line positions . 
Now as the hyperfine lines are not resolved in all the hyperfine 
groups and., moreover, the separation of the spectrum is less as 

0_L 

compared to that in the case of Eu - doped KCl ; it was not possible 

to sort out all the hyperfine groups for (90°, 0°) and (0°*~) spectra 

oo 

(see figure 6*2) . In fact, for the (90 , 0 ) set only the extreme 
hyperfine group on the high field si de ? D(+7/2),was free of overlap. 
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Therefore, the method of second order perturbation calculation as 

described in chapter II and actually adopted for the case of 

2-f “ 

Eu -doped KC1 could not be used to find all the relevant b para - 

n 

meters. The following least square fitting procedure was, therefore, 
used to find the parameters. 


An 8 x 8 matrix was formed for each of the four sets 
(0 (90 ,0 ), (90 ,90 ) and (45 , 0 °) of (£),^> )• The matrix 

element} for the set (0 are obtained with the help of the 
expression (6.1) for the Hamiltonian. To adopt for the general 
(0,4 s ) case we transform the operators 0™ to a new system of coordi - 
nates whose z-axis makes the polar angles (0,5&) with the principal 
axes of the crystalline field, whence the following expression is 


obtained for the spin Hamiltonian 

jff = 9AH."S + T. (1/3) a® 0 ™ + £ (1/60) a® 0 “ ...(6.2) 

/ m=o ^ d m=0 4 4 


m / 

Here <» are functions of b and of angles (kr t <p) as given in the 

" (5) (6) 0 

explicit form by Vinokurov/at al and Holuj . The sign of b 2 in the 
expression for as given by Vinokurov et al ^ and Holuj is 


wrong and is corrected, accordingly. Using the four 8x8 matrices 


thus obtained, the field positions of the various transitions 
= + 1) can be found. The H q = 2.0036 x H DppH /g and the b® 
parameters are ; accordingly 7 varied in an iterative way so that the 
calculated field positions for the different selected hyperfine 
groups have minimum r.m.s. deviation from the observed positions. 

It should be mentioned here that the positions of the five of the 
seven hyperfine groups for the (45°, 0°) set are easily obtained and, 
hence, are included while finding the best fit parameters. The 



58 


starting values of some of the parameters are obtained from a second 
order perturbation calculati on (mentioned in chapter II), while 
those of the rest are taken to be zero. For computation an IBM ~ 
7044 computer was used. Various parameters thus obtained are given 
in table VI. 1. is assumed to have the same sign (negative) as 
actual ly found in the case of Eu 2+ _ one( , Kcl> beeause the ma g„d tnde 

of all the parameters in the KC1 and RbCl hosts are comparable. 
The minimum r.m.s. deviation was found to be lQ gauss. For the 
sake o L convenience in comparison the corresponding parameters for 
Eu n NaCl and KC1 are also quoted in table VI. 1. The parameters 
for NaCl are quoted by making a change in their signs, with this 
choice of the signs all the parameters in the three hosts NaCl, 
KC1 and RbCl have comparable values. 

0 2 + 

In table VI, 2 the bg parameter for all the Mn and Eu - 

doped alkali chlorides studied to this date are quoted. While 

quoting these values the local two fold site symmetry axis is chosen 

0 2 + 

to be the z-axis. We find that the magnitude of b for Eu 

continuously decreases in the serie^f three hosts namely NaCl, KC1 

0 

and RbCl. The absolute vj'lue of b 2 , however, increases from NaCl to 

2 + 

RbGl. This change is similar to that observed in Mn <- doped 
alkali chlorides. 

0 o i 

Qualitative explanation for the observed variation in bq for Mn - 
and Eu^~ - doped alkali chlorides . 

W n tanabe U and Hutchinson, Judd and Pope have suggested 

2-4- o 

respectively for Mn and rare earth S-state ions that the b 2 

consists of two terms, one depending linearly on A 2 ^r /and the 

* between the calculated and the experimental positions of the 
hyperfine groups. 



59 


other having a quadratic dependence on A A 2^ r "^* s the rad * al 

factor in the second order term of the crystalline field potential 

3 

and has the dependence of l/R T S being the average separation of 

the charge on' impurity ion from that on the neighbouring anions. 

A.-) is a lattice sum. In the event of a vacancy being associated 

2+ 2+ 

with the divalent impurity as is the case for Eu and Mn -doped 
alkali chlorides the effect of the vacancy would be the major one 
in determining the value of b^. In such a case b^ could be represented 
by an expression of the type 


b° = a/R 3 - b/R 6 
& 

R being the distance of the vacancy from the impurity ion, 


(6.3) 






(b/a ) J 


Figure 6.3 


„ . o 

If we plot the value of b2 as 

given by equation (6.31 as a function of R* 

we get a curve as shown in figure 6.3. 

The curve crosses the axis of x at a value 
. 1/3 

of R = (b/a) and has a maximum at 
R = (2b/a)^ 3 . 

It is evident from table VI. 2 
that for Mn 2+ -doped alkali chlorides 
in changing the host from LiCl to KC1 
we vary the parameter R from 3.67 to 4.48^ 
whereas for Eu -doped alkali chlorides 
R changes from 4.02 to 4,68 A in going 


2+ 

from NaCl to RbCl . It seems that for Mn b and a are of such 

l/3 2+ 

values so that we have (b/a) ^3.67 and for Eu they are of 

1 /3 

such values so as to make (b/a) ^4.68. Such a large difference 
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J/3 


in the values of Cb/a ) i/0 for Mn 2+ and Eu^doped alkali chlorides 

0j_ 2 A 

is not ruled out as the Eu^ ion is shielded by 5 s 5 p electrons and 
2 + 5 

in Mn the 3d electrons are the outermost ones. With such widely 

1 /3 

different values of (b/a) for the ions we would be somewhere in 

24 " 

the range indicated by (T) for Mn and the rarg e indicated by ( 2 ) 

< — ^ 4 — » 

for Eu^-V*^). 


2 + 


Line widths ,their. estimation and probable explanation of their origin , 


Because of overlap the line widths of the indi^dual hyper- 
fine lines could not be determined directly; An indirect method of 
comparing the contour obtained by considering the overlap of twelve 

lines of gaussian shape at relative distances appropriate to the 

2+ 

Eu ion with the observed line shapes of the hyperfine group was, 
therefore, adopted. The algebraic addition of the line shapes was 

IBM 

done with the help of a*J044 computer. Figure 6.4 shows the observed 

and computed first derivative contours of 5/2 <~*3/2 and -1/2 +*-3/2 

transitions for H// (QOiy . The peak to peak (pp) derivative line 

widths, (AH) for the hyperfine lines of the various fine structure 
M 

transitions (hyperfine groups) M«->M-rl, as determined by the method 
described above are given below: 

(A H ) 3 / 2 " ( ^ h) _i/2 = 20 + 4 9 auss 

<AH) =42 + 6 gauss 
5/2 - 3/2 

& (AH) =65 + 11 gauss 

-5/2 

But (AH) = 65 qauss , did not give a g^od fit for the contour of 
M 

M = + 7/2 hyperfine gtoup* (AH) M , as found above, are found to 
vary very nearly as j C2M-1 )i and the mean value of (AH)^/ |(2M— 1 )f 
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into a nice c u boid. 

This abnormality in the linewidths can not be attributed 
to superhyperf ine interaction (with Rb ions) as it would not lead 
to observed M-dependence. 

In recent years it has been reported that when the radius 

of the impurity ion is much less than that of the host cation, the 

impurity could have stable off-centre positions C9_11) . The stable 

off-centre positions have been experimentally concluded to exist 

from the quadrupoie resonance study of Li + and Cu 4 * doped KCi^ 2 ^. 

( 13 ) 

Das and Quigley have calculated off-centre potential minima for 

. + 4. 

Lt -doped KC1 and KBr and for Na -doped CsF, The minima ?re explored 
along 4111 ) , (llO), and (001) crystal axes. The potential energy 
is found to be minimum for off-centre positions along (111) , whereas 
the minima along (110) and <001) have increasingly more energy, 

j. 

e.g. , for a typical case of Li -doped KC1 the theoretically cal- 

(13) 

culated minima along <oOl) , (110) and (ill) by Das and Quigley 
are -0.762, -0.772 and -0.780 ev respectively. They have also 
mentioned a possibility of detecting stable off-centre minimum 
energy configurations through a variation of b^ ( =D) parameter, 
when a suitable paramagnetic ion is doped in a host whose cation 

radius is much larger lhan that of the impurity ion. The ionic 

, o 24- o(l4) 

radius of Rl.r is 1*47 A and that of Eu is 1.14 A . The difference 

in the radii of these ions is quite appreciable. On this basis one 

24- . 

might expect stable off-centre positions for Eu in RbCl similar 

-j-* ^ 

to that found in the case of Li in KC1. Since for Ea the 
2 A “T 

5s 5p shell shields the 4f electrons and bestows on the ion 
a semblance of an inert structure , at least as much as it remains 
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relatively isolated from the surroundings, one may extend the 
. + 2 + 

results of Li - doped KC1 to Eu -doped RbCl with due caution , It 

may be mentioned here that an extension of the results of Li + -doped 
2+ 

KC1 to Mn -doped KC1 or RbCl can not be justified, since in this 
case the 3d electrons are the outermost and participate directly 
in interactions with their surroundings whereas the 4f 7 electrons 
interact through the intermediary of the 5s^5p^ shell. 

pi 

One may assume in the case of Eu -doped RbCl that the 

potential minima along <lll) t <110) and <001) shall be in increasing 

order of energy. In actual case, however, there might be a 3-dimen- 

sional shell of potential minima with extreme (minimummost ) values 

along {m) axes. At room temperature the thermal energy (~',025 ev. ) 

is of the order of the variation in energy on the minimum potential 

2 + 

shell. Most probable positions of Eu shall be 1 through 8, as 

shown in Fig. 6.5. These are along {ill) . There will be a wide 

/ 

scatter aboutlthese positions as the thermal energy at room temperature 

/ 

is appreciable. In the absence of an off-centre displacement the 
vacancy is at a distance of ay! along (lio) from the Eu position, 

V being the nearest neighbour distance in the lattice. If off-centre 
displacement of magnitude x along (ill) axes is taken into consi- 

24 - 

deration, the distance between the vacancy and the Eu ion posi- 
tion can have three distinct values d m i n , d mgx an( l d f° r eight 

possible positions of Eu viz. d . for the positions 7 and 8, 

1 r min 

d for the positions 5 and 6, and d for the positions 1, 2, 3 and 
mux r 

4 . These d r s are given by the formulae (6.6}given on next page: 
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d max =C (a+x/ ' r3)2 + (a+ x/ ^ )2 + ^ a/2 + x/2/3 

d rain = £ (a “ x ^) 2 + (a~x//3) 2 + ( x//3 ) 2 | 1 /2 ~ a/2 - x/2?3 
d =f(a-x//3) 2 + (a+x/V3) 2 + ( x//<J)^J a/if 


24- 

The line joining the Eu ion positions and the vacancy however would 
not be parallel to Oil) » but it would be nearly 50 within 4 
if x ^.a/10, as is expected. 


In a point charge approximation, assuming no distortion 

0 2 -3 

0 1 the lattice, the b 2 (5 D) and b 2 (= E) vary nearly as d • 

Assuming x^a, the effective parameter b^ for tiff (.001) would also 

vary as inverse cube of d. Therefore, with these approximations 

n / / / / 

we will have three distinct values of b 0 (=D) viz, D . , D and 

4 ~ mm max 

D corresponding to the three values of d.(ln actual case, however, 

there would be a spread of D about these thre® values). So each 

hyperfine line may be consisting of three lines, one corresponding 

/ / / „ 0 / 

to each of the three values D . , D mav and D of b„. At room 

mm niax z 

temperature and for H/^OOl) of the crystal a faint hump shows itself 
up in the extreme hyperfine lines of M = + 3/2 and M = -l/2 transitions 
(Fig .6,7 )fThis building up of the structure is, perhaps, indicative 
of the composite nature of the hyperfine lines. We assume that 
these lines are on the verge of splitting and that each of the 
three constituent lines are gaussian of same peak to peak derivative 


wi&h , but with intensity ratios 1:2:1 as expected. By considering 
the overlap of such lines we are led to the conclusion that 
^ D max" D min^ PP derivative width of the three component lines and 
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also of the width of the composite line. (In the transition 
M = +7/2 for a// <001> we find some structure which is not explained 
by considering the simple overlap of twelve gaussi an lines. This , 
perhaps, too, is because of the composite nature of the hyperfine 
lines . ) 


While finding the (Ah) for the hyperfine lines corres- 

M 

ponding to a fine structure transition M+»M-1 , we had assumed a 
gaussi an shape for the individual hyperfine lines. But this may not 
be rigorously true (consider the building up of hump at low temperatures 
in figure 6.7' ). Now as the extreme, hyperfine lines of the fine 
structure transition 3/2 H l/2 are seen unmasked from the rest , 
the calculations for the determination- of (AH)^ were repeated and 
instead of taking a gaussian shape for the individual hyperfine 
lines, we took the shape to be the same as that of the extreme 
hyperfine line of the group M = 3/2W1/2 . The (AH)^ f thus found, 
almost equal those determined earlier. The mean value of (AH) M / f(2M-l )t 
is, therefore, 10.5 gauss. Equation (6.5) then gives 

. / .0 

AD ~ L^bg = 10,5 gauss 
Now 

^max/^min = ^min/^max 
Subtracting 1 from both sides 

AD/d' = [(ai 2 + xjlf 3) 3 - (aj2«xyi73) 3 J/(aj2) 3 
= 2x/aj3 

/ / 

therefore, x = 3 a.&D/2D = ,025a 


...(6.7) 
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This value of x is of the same order as that calculated 

(13) 

theoretically by Das and Quigley for off-centre minima positions 
along (ill) « 

If the temperature of the crystal is raised, (for a parti- 

2-h 

cular position of the vacancy )the scatter of Eu ion positions 
about the minimum energy position along (ill) would increase. This 
would cause an increase in the width of the constituent lines. This, 
in fact, is evident from the experimental results. The hyperfine 
groups corresponding to U = 3/2 and M = -1/2, ivhich were partially 
resolved at room temperature cease to be so at 320 C» as is clear 
from figure 6.6. 

At liquid Nitrogen temperature the humps on M = 3/2 and 
[vl ss —1/2 hyperfine groups become more pronounced as shown in figure 
6.7, indicating a decrease in the width of the three constituents of 
the hyperfine lines. It would be interesting to make a study at 
liquid Helium temperatures^ where the distance of the line corres- 
ponding to the hump from the main line could directly give the 
value of D / and thence of x. 

The non-observance of such abnormal linewidth in KC1, NaCl 

and KI hosts is consistent with the above explanation, as the 

difference in the radii of Eu 2 * «nd the cation of these hosts is 

2+ 

not large enough. As for other S-state ions e.g. Mn , no abnormal 
widths are found in alkali halide hosts, since stable off-centre 
positions are probably not expected for the reason mentioned earlier 
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CUBIC SPECTRUM 

The temperature variation of the central part of the spectrum 
is shown in figures 6,8 and 6,9 from 80°C to 280°C in steps of 40°C. 
As is evident from the figures a spectrum henceforth called C conti- 
nuously builds up in intensity as the sample is heated. At about 
200° C the intensity of the spectrum C is at least twenty times to 
that of the orthorhombic spectrum. 

The vacancies become mote and more mobile on heating the 

2-f 

cfysta]. The spectrum C, therefore, seems to be due to such Eu 

ions which have no vacancy or defect in the nearby positions and 

is thus called the cubic spectrum. It has the looks of a usual 

2 + . . . 

twelve lines hyperfine group of the Eu ion, for all orientations 

of H. Each line of the hyperfine group is, infact, a superposition 

of seven fine structure transitions represented by M=7/2 to JN-5/2, 

In the present case the magnitude of the cubic field splitting 

parameter ] } « 1 A 1Sl | , therefore, the splitting due to the 

cubic field reflects itself in the width of the individual lines 

of the twelve lines 7 hyperfine group. The cubic field parameter b^ 

has an angular dependence. The effective b° for any orientation 

^ u . , • <15) 

( l,m,n) of H with respect to the cubic axes of the crystal js 

(b°) = b^ fl-5(i 2 m2+ m 2 n 2 + n 2 l 2 )] ...(6, 

v 4 eff. 4 

l f m,n being the direction cosines of H with respect to the cubic 
axes. If is large, the cubic field splitting would be large 

and the peak to peak derivative height of the composite line 
would be small. Opposite would be the case if ( b 4 ) eff 1S small. In 
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this way the value of (b^) is reflected in the pp derivative 

height. From equation (6.8) we find that (b°) would be the least 

4 eff 

and thus the pp derivative height would be the largest if© , the 
angle between H and <001) direction in (100) plane is given by 

sin 20 = Ja/S or, if 0 = 31°42 

Indeed, as is clear from figure 6.10 the pp derivative height is 
found to be maximum for0= 32.5°. This value of Q very nearly equals 
the one expected theoretically and thus it is confirmed that the 
twelve lines"' hyperfine group arises because of Eu <i+ ions at the 

cubic sites. 

The cubic spectrum has almost the same separation for both 
\l//(00i) and (llO) axes of the crystal and hence if it is fitted 
to the usual spin Hamiltonian for the cubic symmetry (see chapter II) 

ft = gpH.S* + b°/60 0° + b£/l26o 0® + A I. S ...(6.9) 
the magnitudes of the parameters b^ and b 6 come out to be nearly 
equal to zero and at least less than 0 . 1 xicf 4 cm . (The upper 
limit for the parameter b^ is de'ermined by studying the angular 
variation of the apparent peak to peak derivative widths of the 
extreme lines in the cubic spectrum observed). This may not be an 
inconceivable situation as the more significant of the two para- 
meters , the b° A is found to decrease monotonously from NaCl to 

4 (1) (3) , 

RbCl. as is evident from the work of Rohrig , the author and 

the present results. At 200°C, the g value of the spectrum is found 

to be 1.994 + .002. The average widths of the lines are about 6 to 7 

gauss. The hyperfine structure parameter A 151 is determined to be 
-4 -1 

(-29.7 + 0.2 )X10 cm . 


C CM 


Table VI. l 


Spi n 


Hamiltonian parameters for Eu 2+ in NaCl 

K m - nielli 


25°C. Here = 3B 1 " , b 1 ? = 60B m '- m 


values are in units of 10 


cm : 


, KC1 and RbCl at 
|nd all energy 


Parameter 


g 


n 




0 

b" 

1 



Eu 2>t * in NaCl a 

Eu 2+ in KCl b 

Eu 2+ in RbCl* ,c 

1.994 + .002 

1.994 4- .002 

1.993 + .002 

-265 + 3 

-218.3+ 3.2 

-213.6 

-616 + 3 

-462.9+ 6.5 

-372.0 

4-2.4 + 1.0 

+1.7+ .25 

+1.3 

-50 4- 10 

-25.2+ 1.8 
** 

CO 

• 

i-H 

CM 

1 

-26 4- 8 

-20.2+ 2.3 

-14.6 


* The r.m.s. deviation between 
structure line positions was 

a From reference (1) 

b From reference (3), (see 

c Present work 


the experimental & calculated fine 
~*10 Gauss. 

chapter V ). 
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Table vi. 2 


D C = b°) parameter for Mn 2+ and Eu 2 + t associated with a first 
neigh boar cation vacancy in alkali chlorides. Two-fold local site 
symmetry axis has been chosen to be the z-axis. R represents the 
nearest neighbour cation separation. 


ost system 

D 

-4 -1 

xlO cm 

Lattice constant 

0 

A 

R 

0 

A 

2+ 

Li Cl: Mn 

109.5 

5.14 

3.67 

NaCl: Mn 2+ 

128.9 

5.63 

4.02 

KC1: Mn 24 ' 

160.5 

6.28 

4.48 

NaCl:Eu 2+ 

-265.0 

5.63 

4.02 

KCl:Eu 2f 

CO 

* 

CO 

r-i 

CM 

1 

6,28 

4.48 

RbCl:Eu 2+ 

-213.6 

6.58 

4.68 


The corresponding D parameter is obtained by using Watkins' 
(Phys. Rev. 113 , 79(1959) ) results and accounting for the 
change in the z-axis . 

2 + 

The sign of D should be negative for Eu -doped NaCl and RbCl, 
because with this choice of the sign the value of all the b„ 
parameters for Eu 2+ in the three alkali chlorides NaCl, KC1 and 

RbCl are comparable. 
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BY THE STUDY OF ANGULAR VARIATION- 
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©=Rb + VACANCY 
2 + 

O = USUAL Eu POSITION 
• = OFF-CENTRE Eu 2 + POSITION 


2 + 

FIG.6-5 PROBABLE POSITIONS OF Eu WITH RESPECT TO 
A VACANCY IN FIRST NEIGHBOUR Rb + POSITION, Rb + 
AND CT IONS ARE SHOWN ON ONLY ONE FACE 

OF THE CELL. 
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1G-6-9 TEMPERATURE VARIATION OF THE INTENSITY OF THE CUBIC 
SPECTRUM FOR H // <IIO> * 


IkJ He. A Is 



H//<IOO> 0 in DEGREES H//<IIO> 


FIG- 6- iO ANGULAR VARIATION OF PEAK TO PEAK 

DERIVATIVE HEIGHT FOR THE CUBIC SPECTRUM 
OF Eu 2+ — DOPED RbCl AT 300 °C . 0 

REPRESENTS THE ORIENTATION OF H IN 

(OO0 PLANE. 


CHAPTER VII 


SU-CTIOU PA.'AMA3H2?IC •> 230N/.NCE OF Mn 2+ -DOPED RbCl 

AND 0? 4ToCl. MnClg 

Abstract 

lit . . | 

’ n u’.ien dr pod in '.hCl is found not to be associated with 

any vncanny or defect, near i 1 . The principal feature of the EPR 

24. I 

ort rum for fin - doped libCl is the occurrence of an exchange | 

nar rout'd line * .*t t h v. (’-value nearly equal to that of the electron. j 

> ^ 4 “ .'6 

Corn; ol the Mn" is also found to 5 ive a six line spectrum. The \ 

k to peak (pp) derivative uidth and the g-value corresponding ] 

to the three concentrations of MnCl 0 in SbCI are reported. The j 

. .1 

fonrrt i on of the complex RbXnCl, from the stoichiometric ratio of 

4 0 

if,! md ■: ■’.hydrous i.InCl,, is envisaged. The pp derivative width is 

2 4- ,1 

found to decrease os the concentrr.tr. on. of Mn in RbCl is increased. H 

2+ j 

An at tempt is made to understand as to why Mn” does not enter the 

1 it 

2 4* '' 

substitutional sites, and further why Mn" ions prefer to accumulate | 

t.o Aether at nearby interstitial positions so as to give the exchange- | 

>j\ 

ncr rout'd line. ;i 

I 

H 



?;w dm of ~.u 


2 x (1-5) (6-9 ) 

"•» ' and Mn 


has been studied in a 


nuniS^-r of a Skull chloride hosts. The parameter b® for the spectrum 

( Z \ 

wrtir.Ii in the notations of Watkins corresponds to the divalent 
impurity ai-od a ted with a vacancy at the first neighbour cation position 

liar. I determined for the two ions in many of the alkali chloride 

s * ^ found to be positive for Su ’ impurity and is negative 

icir ;<it * T.*'* absolute v iue of b^t however* decreases for both 


;a 


MHi frn as f ho hast, is aha rrjod in the series of alkali chlo- 


rirl,*s viz. for from LiCl to CCl nnd for Eu 2+ from NaCl to 

iibCI. A i onto l;t -hi ch eualithtivoly explains the change of b ^ in 

to* 

the t * .o care;; was sag *stod in chngte VI. 


•Ki. 

Th • Kill of fin" in P.UC1 has not been reported as yet. 

It would * therefor*.*, bo interesting to find the value of b^ corres- 

2+ 

nitiiii'e; to t h* 1 spool rum IIlj for Mn' in RbCl and then to compare 

2t- 

t he with those of Sin in other alkali chloride hosts. There- 

2+ 

fore, an attempt to dope .’'Cl with Mn was made. Several trials 

2 + 

wo irmde to dope TiCl with i.mCl,, so thnt Mn in EbCl could get 
-bit ,;■! ;ith » v. coney at a first neighbour cation position . 
dut in the rystals grovm from melt by the usual Stock/barger’s 
net !nu! (described in chapter IV) no racial spectrum appeared. The 
crystal;; were then eu cached at. 6()C° C and further an attempt to 
intcoduee Mn*"’ through diffusion was also undertaken, but all 
these at. t etnpi ;; were of no avail. 

In general the spectrum seemed to consist of one single line. 
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e - r» amount of FnCl 2 added to RbCl before t&e wW 

rtmj ith the hope that additional spectra might result, but every 

n “ m,ly n Kln ' 5, ‘ lhu> s " appeared. Three different concen- 

;! -ns were tried. Hi” pc 5c to peak (pp) derivative width and 
,<• M~v.il ue of Hi- stogie line an* determined for each of these 


on '•!•!!! 


other 


: eat ores are also investigated. An 


t\t l ok:.! ton I ; .jt. tor the nonoccnrrence of first neighbour cation 

„ *•* b 

vacancy i.p-ctrum » or ’in -doped ItbCl, and also for the occurrence of 

2+ 

*!:•* I«r:i no narrowed line even in lightly doped HbCliMn crystals. 


Tin* crystals were grown as described in chapter IV, by 

mixin : i’aCl Hid ■ ; .H -us I.nCl ■, in a known ratio and then lowering 

*** 

the rests 1 1 i r. • through t* temperature gradient. The crystals 

of two ext r.iw connont rat w>ns dosi plated as samples I and II were 

mo inly investigated in the present work. For samnle I, the amount 

of anhydrous Jin'll,, mixed with libCl was ^.C2% by weight of that of 

y.l , tlii l for i !u* sample II the MnCl^ and RbCl were mixed in the 

1 :<} ratio of their nolecul-" weights. Sample I was nearly trans- 

earn:* wit!, white turbidities. On the other hand the sample II 

..ini; and polyerysHt 1 line. One more sample designated as III 

was nr.-p-red. Tin parent, mixture for the sample III had 1 % of 

anhydrous y.n.:;i,, in it. Thu •.•.’hole of the crystal grown from this mix- 

2+ . 

t tire 1 us not tr r. It seems that all of the Mn present m 
the par hi! mixture could not enter the RbCl lattice. A part of the 
<* r v r» ’ a 1 was ’ rnnst.-.ront while the portion which grew towards the end 



of the growth process had some oink suspended mass in it. 

THE EPP. SPECTRA 

The spectra of all the three samples I t II and III have 

the appearance of a usual exchange narrowed line. They are similar 

2+ 

to that observed for Mn - doped KC1 particularly in the cloudy portion 

„ „ , , ( 6 ) 

01 it by Watkins . Tlio spectrum obtained for the sample I for H ff 
0* 0)is as shown in figure 7.1. The spectra at other angles and of 
other two samples are similar in nature to that of figure 7.1 t the only 
difference being in their g-values and the pp derivative widths. 

The g-value and the pp derivative widths of the different 
spectra are determined and are given in table VII. 1. For sample I the 
pp derivative width changed as the orientation of H i** (001 ) plane was. 
varied. It is maximum for H // and continuously decreases as H is 

varied in (001) plane from a position/^to to that/^to (lio) , 

The spectnm due to sample II also showed a variation in its pp deri- 
vative width, with respect to the orientation of H. But as the sample 
II is polycrystalline, the variation of the pp derivative width of its 
spectrum was not studied, in detail. The pp derivative width for 
H/^xLCO) and the g-value for the transparent portion of the sample III 
are also determined and are given in table VII. 1. For the sample I 
the lowest portion of the crystal in the crystal growing crucible 
showed a weak cubic like spectrum (figure 7,4) as well. It has a 
g-value very nearly equal to that of the electron and has an A of 
magnitude 94.3 gauss. The spectrum of one more sample called IV, which 
was prepared by simply mixing RbCl and anhydrous HnClg i R t^ e powaer 
form end in the 4:1 ratio of their molecular weights, was also taken. 



It ,vas ? broad line with pp derivative width of/v580 gauss and a g » 
value equal to that of the electron. The g— value and the pp deri- 
vative width for E 4 MnCl 6 as reported by Swanson* Lawrie and Duffy (10) 
are also quoted in table VII, 1 for the sake of comparison, 

RESULTS AND DISCUSSIONS 
The non - occurrence of axial spectrum : 

No axial spectrum is observed in the present samples. The 

spectra for all the samples consist of a single strong exchange narrowed 

* * * 2,-h 

line. Only in sample I in which the concentration of Mn"” is too 

loss a very weak cubic spectrum is obtained. In LiCl, NaCl and KCI 

(6) 

on me other hand Nstkins has reported the axial spectra. In 

( 6 ) 

KCI 'Vetkins also got the one line spectrum over and above the 

axial spectra. It appears that the intensity of the axial spectrum 

2+ 

decreasos as the difference between the radius of Mn and that of 
tSie host cation increases, and is practically zero for the SbCl host. 

The positions and the relative sizes of the anions and the 
cations for NaCl, KCI and SbCl are as shown in figure 7.2. When an 

2 + JT 

Mn substitutes at the host cation position a vacancy necessary for 
the charge compensation is created at the first neighbour cation posi- 
tion. This vacancy acts as an effective negative charge and, there- 
fore, repels its neighbouring Cl ions. This is shown in figure 7.2 

2-f p 

for the SbCl host. Now as the radius of Mn is too small (.80 A) 
it could easily drift towards the vacancy through the surrounding 
octahedron of Cl. In this process a new vacancy is created at the 

. 24 - ^ m 

old position of the Mn • The Mn is pulled back and this process 



should continue unless some of the neighbouring Sb + comes to the 

rescue r.nd occupies the vacant position. Therefore, during the 
- » 2 + 

piocess oi tne gior/tL of Mn ~ doped SbCl crystals from the melt or 

2+ 

iront tiic oo In 1 1 on t if some Mb sits in/tfae layer under formation, 

trie necessary vacancy in the next layer would pull it out and pr ac~ 

, 2 + 

fjr.tlly no Mn would remain in the grown lattice. . For the 

*X1 host the available space between the Cl of the octahedron 

+ # 2 + 
(sucroundinc the T. ) is of the same order as the radius of Mn ; there*- 

2+ 

i,Qto t t.ac probability for Mn to drift is not unity and some of the 

hf 

Mn ions remain at the substitutional positions so as to give the 

2 + 

•-•.x I spectrum. For similar reason the drift of Mn from the subs- 
r, it. 'it.? or. ;il positions in LiCl and MaCl hosts is completely ruled out. 

2+ 

In those hosts where Mn is able to drift through the surroun- 

2 + 

ding octahedron of Cl , the host position of Mn would evidently be 

the interstitial one. For charge compensation, it would either be 

associated with two cation vacancies or shell have two interstitial 
- 2 + 

01 near it.. The probability for Mn to be found without the vacan- 
cies or toe interstitial Cl ions would be small and this, therefore, 
ox'.l: ins the very weak cu ic-like six line spectrum (figure 7.4) 

observed in sample I. 


U.e ) 

As MnCl.- molecule has a symmetry , it would be 

2 + . . , . 

(i-'ite reasonable to guess that an Mn goes to an interstitial site 
;•*_(! t.uo Cl occupy the adjacent interstitial positions along the cubic 
axes of ItbCl. The mechanism of charge compensation with the help of 
of two interstitial Cl ions is preferred because as described towards 
the end of this chapter it helps in explaining the observance of the 
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s lio-ld continue unless some of 

•esc - >o r.nd occupies the vacant 

2 + 

nrocess oi the growth of Mn • 


f '“’ 3 Ksi'iitbouring Eb*" comes to the 
position. Therefore, during the 
doped RbCl crystals from the melt 


or 


9 -l 

from the solus ion, if some Mn' si 
the necessary vacancy in the next 


ts in the layer under formation, 
layer would pull it out and prae~ 


w ¥ „ iS f* 

t r '*.r- 1 1 y no hn would remain in the grown lattice. For the 


,.,,1 host, t available space between the Cl of the octahedron 


4'* Q , 

(sh *cr <-u iitH n ; the I 1 ’ ) is o t tuo *3 awe order as the radius of Mn * there*- 

2+ 


/-i- 

the prohrbi lity for Mn to drift 


k r.snt. mnitw avM 


?»&’“ ions nsnr.i n at the substitutional positions so as to give the 

2 + 

nxi • 1 «:» ci .'um. Tor similar reason the drift of Mn from the subs— 
f. i t ”.t > nr.nl posit ions in LiCl and NaCl hosts is completely ruled out. 


In those hosts where Mn is able to drift through the surroun- 
, - 2 + 

d> n octahedron ol Cl , the best position of Mn would evidently be 

i.ht: ini erst ! t, j : 1 one. To:-, ch--/r;e compensation, it would either be 

• i ;.t ed pith tvro cation vacanci es or shall have two inter-stitial 
- 2 + 

31 r.:*;'r it. The prohabi lity for Mn" to be found without the vacan- 
cies or the Interstitial Cl ions would be small and this, therefore, 
uxw 1 ■ in.; the very we a!: cn ic-like six line spectrum (figure 7.4) 

ol served in sample I. 

(1C) 

As Mr, Cl molecule has a D symmetry , it would be 

k OOil 

24" . * , . 

(j'itc; reasonable l.o guess t hat an Mn goes to an interstitial site 
:".A two :;I occupy the adjacent interstitial positions along the cubic 
of :;bCl . The mechanism of charge compensation with the help of 
of two interstitial Cl ions is preferred because as describee towards 
the end of this chapter it helps in explaining the observance of the 
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exchange narrowed line even in lightly doped EbCl:Mn 2+ crystals. 


Harrowing of the spectrum - the exchange effect : 


The pp derivative width is of the same order of magnitude 
C rj ■: the three samples I,II & III. This indicates that the mechanism 
] .r: ; i ',ij to the narrowing of the spectrum is althost the same for all 
these sarnies. In sample II, the parent mixture of which was made 
by mixing .1:31 end anhydrous MnCl r , in the 1:0.2603 ratio of their masses, 

the method at' preparation th.’S being similar to that adopted by 

(lb) 

3 -anson ,.t cl. for K MnCl. , the mechanism for the narrowing evidently 

4 6 

2 + ( 10 ) 

seems t r> he * ' <; exchange of spins between the nearby Mn ions 

A simU r mechanism should, therefore, exist for the narrowing of the 

. „„ 2 + 

s-.*oci in tint samples I and III in which the concentration of Mn 

is not that large . Because of the exchange the fourth moment of the 

(11) 

jin,: jner ‘rises while the second moment remains unaffected . There- 
fore , pert, of the absorption is shifted from the centre of the 
,, .rot. rum to its wings, thus givin, the effect like the one observed. 

Tin; optical spcct. r. : 

The optical absorption spectrum taken with the help of a 
gory - 14 recording spectrophotometer for the sample II shows absorp- 
tion r-ximr almost, near the same positions as obtained by Mehra and 
Vor’-'i fsv-nr lu <12) , and Hehra (13) for Mn 2+ -doped MaCl and KC1. A 

(14 ) 

delei led >.u»ly*Ss S» tUetoafter tm carried out by Srivastava 
or oer laboralorp. The spectra have further been investigated by him 
,,,,.ail r.l liquid nitrogen temperature and the enhanced intensity 
..f spectre at liquid Ilj temperature as compared to that at room 



t fl!«r.t«rc is explained to be due to the exchanje of spins between 
tne Hn ions. The optical absorption spectra could not be observed 
for sample I and III, perhaps, because of the low concentration ofMn 

m tAhJn ‘ ThC rcsemblancc of th = optical absorption spectra for Mn 2+ 
in >HC1, KCl and the sample II indicates that in sample II too Jfa 2+ 
has an octahedral coordination of the type MnCl^as in NaCl and KC1. 

Formation of Rb^MnC^ ami its EPS spectrum. 


2+ 


( 10 ) 

Swanson ot al ^ had prepared K^MnCl^ by fusing together 

t.h>* stoichiometric quantities of KC1 and anhydrous MnClg under vacuum. 

The formation of K^MnCl hod been confirmed by X-ray analysis. As 

tiii,* method ot preparation of sample II in the present case coincides 

with that of Swanson ot al*' 10 ' 1 for K.MnCl, and , further, as the 

4 6 

pp derivative widths for K^MnCl and the sample II are of the same 
order ( table VII. 1), wo expect the sample XI to be the complex 
Hl> MnCl^. It may be remarked here that the sample IV in which 
the quantities of RbCl and anhydrous MnClg are in the same ratio as in 
sample II, but which was not fused, gave in its EPR spectrum one single 
broad line of pp derivative width ^580 gauss. The crystal structure of 

db.MnCl, is not known, but it may be similar to that of K MnCl . quoted 

4o 4 6 

(10 ) 

by Swanson et al ’ . The unit cell of K .MnCl, is nearly cubic. 

4 o 

Oi 

The Sin c ions are located at (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4 ) in the 

2 + 

unit ceil. Each Mn ion is surrounded by an octahedral arrangement 

of chlorine ions. Potassium ions are located at the cube centre* at 

each of the corners of the cube, at the midpoint of each cube edge,., 

* r. 24 - , 

and at the centre of each cube face. Nearest neighbour Mn ions are 
separated by a distance of 7.4A with the following linear arrangement. 
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2 + 


Mn 

< — 3.7R 

< 

2 + . 
n * . 


... k 


.+ 


2+ 

■Mtt 


— 7.4 


Next nearest Mn ions are separated by a distance of a ^8.5$ with 

o 

the following linear arrangement 
2+ 


Mn 


Cl 


■Mn 


2+ 


2.5A- 


-• 3 . 5 & 


-8.5A' 


„(10)* 


c,0i ■ eS; ending distances between the near neighbour Mn^ ions 

f(>r the case of Rb^MnCl^ could be expected to be slightly greater, 

but. of the same order as those for K MnCl . 

4 6 

For K^MnCl^ Svanson ot al < ‘ 1(> ' ) have suggested the superexchange 
Vi:; t.v:o Cl ions between the next nearest neighbour Mn ions as the 
r"o'..';blo mechanism for the narrowing of the spectrum. The arrangement 
= o linear and thus p-orbitals of the intervening Cl ions could pre- 


2 + 


dyr»iu«‘.ntly be; involved in the interaction. This mechanism involves 
two \>.rt. 1 ;>1 transfers of electrons, one from each Cl ion to the Mn 
Ion. The probability for superexchange through two Cl is thus very 
. Swanson et al^' considered the transfer through li ion a 


ery unlikely process because the ionisation potential of K + is too 
!i; being equal to 31.8 volts. The superexchange through two Cl ions 




is . t h 


erefor ( ; t considered to be the main mechanism for the narrowing 

tm 

of the line. A mechanism of superexchange through two Cl ions might 


bo responsible for the narrowing of the line in the case of sample II 

as well. 

§ ' — ' r * jr 

The material under quotation marks M * * « • " regarding trie structure of 

X,MnCl, is quoted from reference (10), 

a 6 
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The narrow line in lightly doped RbCl: Mn 


2 + 


Hie exchange narrowed line is also observed in sample I i.e* 

KtaCl doped vnth a mere C.G2% of MnClg* The pp derivative width in 

thii, case shows a systematic variation with respect to the orientation 

of II in a (001) plane. One can not, therefore, believe that the 
- , * 2 + 

n<vrow r m} is merely because of Mn going to and accumulating at 

the internal grain boundaries and the dislocation sites (l5) . As 

2+ 

remarked earlier Mn prefers to occupy an interstitial position, 

when -11' Cl is doped with MnCl^. To account for the charge compensation 

two Cl ions occupy those interstitial positions along <00l) which 

2 + 

;u"e nearest to the Mn ion. i'Jith the entry of another MnClg into 

2+ 

f he lattice, the incoming Mn would like to sit in a position which 

is closest to the interstitial Cl but is farthest from the already 

2 + — 2 + * 
present Mn . in effect, the linear arrangement Cl - Mn - Cl of 

. — 2 + — 2 + 
interstitial ions would further extend to Cl - Mn - Cl - Mn , and 

for charge compensation to be accomplished two extra Cl ions would 

2+ 

sit in nearby interstitial positions to this second Mn , as shown 

2 + . 

in figure 7.3. It may be emphasized here that the radius of Mn is 
small enough (.bik) to allow its free motion in the lattice. In 
view of the above, the occupation of the closeby interstitial posi - 
tions by Mn even in a lightly doped RbCl crystal may be under- 
stood, and the resulting narrowing explained. 

The process of Mn" ions getting grouped together could 
extend itself in all the planes and in all the cubic direct idns. How, 

Or. — 0 

though the radius of Mn is small, that of Cl -(1.81A ) is much 
larger than the available space at the interstitial sites. Toe 
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*+■ \ ; a « i . 


r,:: tto interstitial positions would, therefore, cense the ' 
ice 1 tfrtwrtfoas and, probably ?.bcl could a t best be doped to the 
on Sit o' the -rrtaoment shown in firure 7.3. The result™, doped 


sn'-s i.-nr.e In that extreme case would 


be the solid solution 4RbCl.MnCl, 


or 1 ;) in ibd t As sho , m in fi!Jwe 7<3 # in the „„ se of Rbcl 
do' rr. hydrous M::C1 2 the super exchange takes place through 
: Cl bet t iu nearest rsoignbour Mn ions. The distance between 

2 A. 

sue.' two im , r.s determined from the crystal structure of RbCl, 

,s ho;*, it is not necessary that this process of seen- 

' ’ •* !) * l, *“ would take place around only a single interstitial 
! • :t * ’ !l ! lattice. It could start at a number of interstitial 

* « * 0_L «■* 

> 1 ! 'S . ”’v: .<•; i v:es of -bo*; the blocks of Mn and Cl would 


, : j 


-tly du;.o«d on the concentration of MnCl n in the RbCl lattice. 


As concentration of MnCl^ is increased, more number of 


. 2 + 


v.’ou Id. b«: rticir ..ting in the orocess of exchange of spin -'ith some 

* , 2 “}“ 

i 1 ■ ; nncl thv line mould, accordingly , be narrower. Thus 
on,* ’ r* hi i; to explain why the pp derivative width is smaller for 
'll.; .■•’.mi tie III as compared to that for the sample I, 

In the case of Rb.MnCl, though the exchange occurs through 
4 o 

l 'v» Cl, yet the distance of F.in' + from the nearest Cl is ^'2.5°las 

J 4 

for . CnCl, it. is exactly C'-uai to 2.51)3 ralie much smaller than 

•1 6 

! he correspond in j distance in sample I; and, moreover, in Rb MnCl 6 

2+ 

tin '-e takes place from all the six nearest neighbour Mn ? 

t’heref : >r the pp derivative width for Rb^MnCl^ could be expected 
to ho smaller than that for the samples I and III and this is what 
I-.;: ; h__r oh.;, i.-ved (t able VII. 1). 


* Chun this solid solution 4RbCl.MnCl ? is made to grow in the form 
of a single crystal ?.b rfnCl is expected to be formed. 
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Vgri-it ion of t-he pp derivative width with the orientation of H: 

No explanation could be afforded for the variation of pp 
d.:,-' V't iv.! width as the orientation of E in a (001) plane was changed. 
The only remark which could be made is that this variation is not 
d tt :;ol;.:ly to the cubic crystal field, because im that case we 
/tul.i Sieve ;ot the minimum width for E making an angle of ^2° with 
t he Q 00} axis ir. ( QQl) pit ne. (This value of the angle for the 
l.-.hiinvtm : i <1 1 h (or max pp derivative height) is observed under the 
"r. ’hje spent rum" sub-headin] of chapter VI.) The width is minimum 
for U // (llO) . 
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Table VII. 1. • 


ThP^pp derivative width and the g-value for the different 
Mn - doped alkali-chlorides and complexes. For sample I 
t.x variation of pp derivative width with 6, the oreinta- 

tion of H with respect to (lCO> in a (001) plane is also 

shown. c 


; r.; 1‘ 


0 


pp derivative 
width (in Gauss) 


9 


I 


i r 




o 

15 C 


30 


45 



/ 


35.7 


34.7 



2. 0011 + .0003 

33.1 

*■» 

31.5 


— 21 

2.0024 + .0003 

" 27 

2.0024 + .0003 

580 

2.0023 


: mci/ 4 — w 25 2.0017 

1 , 4 ‘ 

(To d---r ) 


j’. Jan son ot. al.t 7. Cfiem. 9hys. 49, 4407 (i960) 

A s • on of the samples: 

' . ‘hCi s ; n fie crystal containing about .02% of frnClg (Anhydrous), 
li. 'j»!)stnnce obtained by fusin'] RbCl & MnClg (Anhydrous) in 
the 4:1 ratio of their molecular weights, 
iil. < hi!: portion of the P.bCl doped with-1% of anhydrous KnClg • 

IV. Obtained by simply mixing RbCl & HnC 1 2 (Anhydrous ) in the 
i:l ratio of their molecular weights . 
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FIG-7-2 DIAGRAM SHOWING THE POSITIONS & THE RELATIVE SIZES 
OF THE ANIONS & THE CATIONS FOR NOCl, KCl & RbCl. 
IN THE CASE OF RbCl A POSITION OF THE NECESSARY 
VACANCY & THE LOCAL DISTORTIONS AROUND THAT, IF 
MR 24 * SUBSTITUTES FOR Rb + ARE ALSO SHOWN- 






FIG. 7-3 THE DIAGRAM SHOWING THE Rb & Cl IN A (OOf) PLANE OF 
RbCl LATTICE. THE ASSOCIATED INTERSTITIAL SITES AS 
OCCUPIED BY Mn 2+ & Cl" IN A SOLID SOLUTION OF 
MnCl 2 IN RbCl ARE ALSO SHOWN. THE PLANE OF 
INTERSTITIAL IONS IS AT A DISTANCE OF Oo/4 
FROM THAT OF r£ & Cl. 





CHAPTER VIII 

* 

ELECTRON PAIi. AKA '.'NET IC RESONANCE 0? VG^^-DOPED (NH^J^SO CRYSTALS 

Abstract 

The spectra of V0 2+ - doped (NH ) SO single crystals 

* 2 * 

are reported. The V-0 are found to occupy four - types of sites in 

the lattice. The angular variation, of the positions of the 

hyperfine lines corresponding to the three sites I, II, and III , 

is studied. The lines of the site IV were observed for H^b but ~ 

could not be followed for other orientations of H because of overlap 

with those of the other sets. The magnitudes of the principal 

values and the direction cosino^with respect to the crystal axes 

of the principal axes of the g and A tensors, corresponding to the 

three sites, are determined. The corresponding orientations of 

V-0 are also determined. In order to explain the experimentally 

determined orientations of V-0 a classical model which treats the 

V-0 as a line - charge is proposed. 

The spectrum does not show any recognizable change when 

o 

the temperature is swept through -50 C, the ferroelectric transi- 

‘ ,'l • • 

tion temperature. The only change observed is in the hyperfine 

separation which continuously increases on cooling the crystal . 

The hyperfine separation at liquid Nitrogen temperature iS/x/3% 

more than that at room temperature. 

The optical (near infrared ) absorption spectrum is 

recorded at room temperature. The three absorption maxima observed 

-1 

at 12767 , 16098 and 17177 cm are related to the two strongly 
populated sites I and II of V-0 in (NH^lgSO^. 
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INTRODUCTION 


Vanadyl ion complexes have been the subject of a number 
of recent studies. The electron paramagnetic resonance (EPR ) of ran- 
domly oriented vanadyl ions has been studied by several investi- 

The study of the EPR of preferentially oriented varadyl 

■js mainly 1 

(13) 


ions has mainly been done in GeO^ and TiO^^ and in alums 


and tutton salts . In GeO and TiCL the cation is surrounded 

Cm & 

by a regular octahedron of oxygens. The alums and the tutton salts 
possess almost regular octahedra of water molecules. These water 
octahedra surround the trivalent cations in the alums, whereas in 
the case of tutton salts the divalent cations are surrounded by 
water octahedra. On doping these above mentioned crystals with 
V0 2+ , the cations surrounded by the octahedra of 1^0 or oxygen get 
replaced by V 4+ of V0 2+ . The V 4+ can thus have the necessary octa- 
hedral coordination as described in chapter inland V-0 , accor- 
dingly, prefers to point along one of the axes of the octahedron. 

It would, therefore, be interesting to find out the preferred 
orientations of V-0 in those crystals which grow without the water 
of crystallization and in which the cations are not surrounded by 
a regular octahedral arrangement of oxygens (anions ). It is found 
that (NH 4 > 2 S0 4 mixed with a little quantity of V0S0 4 .5H 2 0, when 
crystallized from solution, gives large single crystals with well 
developed faces and with a bluish-green colouration, the colour 
indicating the entry • of V0 2+ into the lattice. (NH^SO, crystal^ 
grow without the water of crystallisation and. further, the' 
ions in them have many oxygens at nearhy positions. Ammonium sulphate 
can , therefore, serve as an interesting host for findi 
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preferred orientations of V-0. An EPR study of V0 2+ - doped (NH 4 ) 2 S0 
is, therefore, undertaken, and the preferred orientations of V-0 4 

are determined. An optioal absorption study of the above crystals 
is also taken up and the observed positions of the maxima are 
correlated to the different sites of v-0 in the lattice. 

CRYSTAL structure OF (NH ) so 

4 2 4 

The crystal structure of ammonium sulphate has been deter- 
mined by Ogg 14 Recently Schlemper has redetermined the structure 
by neutron diffraction. The room temperature space group ^^for 
nmp on i urn sulphate is P nam . The two fold screw rotation axes a, b,c 
are chosen such that the unit cell dimensions are 5.95, 10.56, and 
7.73 A respectively along these directions at 25 C. The crystal 
has one ordinary reflection plane be, two glide inflection planes 
ab, ca, and centre of inversion. The projections of the unit cell 
of the lattice over the planes be, ca and ab are shown in figure 8.1. 

In this figure the NH^ sites are represented by circles. The S atom 
and two of the 0 atoms of SO^ tetrahedron lie on the reflection plane 
be, while the remaining two 0 atoms are equidistant from this plane. 

Similar is the case for NH tetrahedra. There are two inequivalent 

+ 4 „ fl 
sites for NH^ ions in the unit cell and are designated as c< and p 

The oxy ien environment is different for these two types of NH^ ions. 

The positions of the atoms in the unit cell at 25°C as given by 

/ I \ 

Wycoft are b* quoted in table VIII. 1. These positions, are 
used to find the various angles in the text. 

( 17 ) 

The first order ferroelectric transition temperature 
is -50°C. In the ferroelectric phase, the crystal is polarized 



alony tht n-nxis and the centre of inversion and the be plane of 
reflection are absent . Because of this reduction in symmetry each 
of the «'< and /3 ammonium ions gives the pairs of inequivalent ammo- 
nium ions v\^ » nnd /3 i' B 2 * The low t. em Perature spsice 

group is P.^ * 

THE EFR SPECTRA 

2 + 

VO doped in (NH^^ SO^ is found mainly to occupy four 
different types of sites, each giving its own characteristic eight 
line spectruih. Out of the four different spectra obtained three 
(denoted ns I, II & III) have been analysed. The intensiti-es ©f the 
hyperfine lines for the three spectra I, II, and III are approximately 
in the ratio 3; 3: l. This ratio indicates the probability of V-0 
occupying the different sites. The spectra due to V-0 at site IV 
were as strong as due to those at site III but could be observed 
only for H parallel to the crystal b-axis. For other orientations 
of 11 they overlapped with the lines of V-0 at other sites. Angular 
variation of the positions of extreme hyperfine lines (m =-7/2 
and m = 7/2) is plotted for the different orientations of H in the 
three basal planes, and is shown in figures 8.2 t 8.3 and 8.4 for 
the planes nb, be and ca respectively. (The continuous lines indi 
cate the theoretically calculated angular variation whereas the 
circles indicate the experimental points). The extreme, (the 
and the eighth ) hyperfine lines of any hyperfine group are designated 
as (1,8). Those corresponding to the different sites I, II and III 

of V-0 are, further, distinguished as (lp (I H‘ 8 H ) and 

(l in , t» m ). The spectra obtained for H parallel to the crystal 
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n « b and c axes are shown in figures 8.5, 8.6 and 8.7 respectively. 

g and A tensors: 

For the sites I and II, as seen from figures 8.2, 8.3 and 
8.1 , the eight line hyperfine group splits into two as H is 
moved in the basal planes , away from the crystal axes. If H 
is not in any of the basal planes, the splitting is into four. 

This indicates that there are four distinguishable but symmetry 
related sites for each type I and II of V-0 portions. For the 
site in, the angular variation of the extreme hyperfine lines 
could not be followed in ab and be planes. But the pretty small 
magnitude of separation 8 jx j ^ when H//b indicates that one 

of t hu principal ftxes of g and A tensors* for this site of V-0 i is 
very nearly parallel to the b-axis, the other two being in the 
crystal ca plane. 

As described in chapter III, one could (for any site of V,-0) 
find the values of g at different orientations Q of the magnetic 
field in the basal planes if H (m= - 7/2) and H(m = + 7/2) could be 
known at these angles. The extremum values of g(0 ) in the three 
bosol planes could then, give the elemental the £ tensor. However, 
these values could not be determined for all the basal planes as 
due to overlap i t was not possible to find the values of H(m=-7/2) 
and H(m= +7/2) at some of the orientations of the magnetic field. 

The method described in chapter III f° r finding the elem n A £. 
tensor could , therefore , not be adopted as such and the help ^ 
of a least square fitting procedure was taken. The experimental g 
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T.'hies for the sot of orientations of H in any basal plane are 

fitted to n formula 


0 


2 


= 0(t Q COS 


20+ y sin 2 0 


•aid the best fit values of.-/, r* and -■ are determined. The values 
of . , and thus determined, are processed in the manner described 
in chapter [II to give the elements of the g 2 tensor. The elements 

M ^ 

of the f{“ tensor for the sites I and II of V-0 in the lattice are 


given in tables VIII. 2 and VIII. 4 respectively. Further^ as in 
chapter III „ one could find the elements of g.A.A.g tensor if the 

/mj w* 

ex? remum values of the separation (H,-H ) of m =-7/2 and m = 7/2 

l o 

hyp> rf tne lines are known. But as ) could not be determined 

for -’.11 orientations of the magnetic field for reasons mentioned 

already, a least squares method, similar to that as described for 

2 

the determination of the g tensor, was adopted and the best fit 


values of \ ,0 and / are processed to give the elements of g.AJUg 
tensor. The elements of the g.A.A.g tensors for the sites I and II of V-0 

/w an/ /*w' 

in the lattice arc given in tables VIII. 3 and VIII. 5 respectively. 


With the help of g.g and g.A.A.g tensors, the elements of A. A are 

A/ *'•'<* W /v/ /V' A' 

did. ormined . The matrices representing g.g and A. A tensors on 

2 2 

di.agonnlizat ion give the principal values of g^ and ^A and thus of 
g -md A . The magnitude of the principal values of the £ and A, for 
the sitos I nnd II are given in tables VIII.6 and VIII.8 respectively. 
The eigen vectors of g.g and A. A give the direction cosines relating 
the principal axes respectively of ^ and A to the crystal axes(a,b,c). 
These are given in tables VIII.7 and VIII.9 respectively for the 
sites I and II of VQ 2+ in (NH^SO^ The principal values, and the 
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direction cosines with respect to the crystal axes (a,b,c) of the 
sit*: HI of V~0 ’’re determined directly by using the expression 
(3. 1C) ot chapter III . The principal axes of g & A were assumed 
to coincide in pairs for this c^se. The parameters thus determined 

arc given in tables VIII. 10 and VIII. 11. 


The orientations <?f V~Q in the lattice. 

From the tables VIII. 7 and VIII. 9 for the direction cosines 
of th. principal axes of the g and A tensors corresponding to the 
t v;t> sites I and II of V-0 , we find that the z principal axes of 
q and A tensors i ,o. those corresponding to the maximum principal 
V' l tie of A and the minimum of g include a very small angles of. 

i**" A' 

.*-a U f<»r the sites I and II of V-0. For the site III the principal 


ax.-s of the y mid A were already assumed to coincide in pairs. Now 
rile z principal axes of g and A are very nearly parallel for 
all i h, ; sites, a line which bisects the angle between them can be 
assumed to give the orientation of V-0 in the lattice. Thus determined 
ori on! • t ions, in terms of the angles P *0 and0 f of the three 
sites of V-0 are given in table VIII.12. Here 0 a is the angle between 
the b-rtxis and the projection of V-0 on the be plane,0 b is the 
angle between the c-axis and the projection of V-0 in the ca plane, 
and . is the angle between the a-axis and the projection of V 0 

in ,he\t, plane. ThOui^ the other syn "" etry ” tot,d 

positions for each typo of site are connected to those given in 

table VIII.12 through the symmetry of the lattice. 

Probable explanation of the observed orientations! 

As V 1+ of V-0 invariably occurs in some sort of covalent 

coordination with the surrounding ligands, the present experintnts. 



-herein no superhyper fine structure is observed, indicate that in 

C ; M V' 0 ; thtt V ' U is surrounded by ligands with zero nuclear spin. 

V-U in VOCitjO)^. occurs in coordination with five sp r hybrids of 

I! 2 0 ’ ' n<! in VO-jO^.oHgO crystal it has one oxygen of SO^ and 

iour s P; . hybrids of 11^0 to accomplish the coordination. Extending 

the arguments to the cr.se of a lattice which has no H 2 0 molecules 

but Ins oxygens, of V-0 could exclusively be bonded with six 

• ixyp-i’.s. This is what one expects for V-0 in (NH ) SO . Ammonium 

4 2 4 

sUphat,*: crystals, though grown from solution, do not possess the 

water of crystallization; and, further the available interstitial 

spar.* in these* crystals is not much. Therefore, it is difficult to 

imagine H O coordination for V~ 5+ in (NH ) SO. lattice . Nevertheless . 
2 4 2 4 

It ,. 

The V ot V-0 could go to an NH. site. The NH sites in (NR) SO 

1 4 4 2 4 

are surrounded by the oxyiens of SO^ ligands. There are two types 
of Nil j sites i.e.cKand/i in (NH ) SO^, They have different oxygen 
environments. The oxygen environment for jl -NK^ is more compact, than 
t hr t for^-NHj. The V-0 having an effective 2+ charge should, there- 
fore, prefer to occupy a ^-NH^ positions. As shown in figure 8.8 
the/^-NH, hr.s nine oxyiens at its nearby positions. The positions 

t i 

of the oxygens re indicated by their projections on the plane be . 
Out of the nine oxy iens three are marked I, II and III , two are 
both at C and D and one each is at A and B. The two oxygens at C 
and the other two at. D should serve as the four bonding oxygens of 
V-0. The fifth oxygen could be any one of the remaining five, in 
analoiy with almost all the known complexes of V-0 this fifth bonding* 
oxygen should lie on the line which is perpendicular to t he above 
mentioned rectangle. There is no oxygen at such a position ? but thera 
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are two of th**m at nearby positions, marked I and II in figure 8.8 

Both of these (I & II) SO^ - oxygens have almost equal probability 

of becoming the fifth bonding oxygen for v-0 . Further, it is natural 

to assume that. In the absence of a ny other constraint the V-0 bond 

would remain parallel but opposite to the line joining the vanadium 

and the fifth bonding oxygen. The angles 0 g . 0 b and0 c for the 

two orientations I and II of V-0 are thus dependent on the crystal 

structure data of the lattice. The Q a »0 b and Q , for the two 

sites 1 and II of V-0 , are calculated and are given in table VIII. 13. 

These values of 0^,0 andp do not coincide with the experimental 

values as given in table VIII. 12 . One, therefore, doubts the 

• 1 + 2 + 

coordinnt.es assigned to V of V-0 in the lattice, VO is not an 
ammonium ion so as to have strong hydrogen bonding in the lattice 
and thus to occupy the same position in the lattice as held by 
: -NH , . The knowledge of the structure of the vanadyl complexes 
known till now, makes one to believe that V 4+ of V-0 would occupy 
a position which is symmetrical to all the four SO^- oxygens forming 
the rectangle . The centre of the rectangle is quite far from the 
0 -NH position. ’So V 1+ could occupy a position which is nearest 

(fat kifl'8-V 1 

to N , ihe 0-NH . and is also symmetrical to the oxygen rectangle. 

o r 4 V 

As in figure 8.8j we imagine a line perpendicular to the plane of 
the oxygen rectangle and passing through its centre and drop a 
perpendicular over this line from the (3 -NH 4 position. The point 
so obtained, as shown by N in figure 8.8, would be the most favourable 
position for V 4+ . If V 4+ occupies this position and the V-0 bond 
is antipnrnllel to the line joining the V 4 * and the fifth oxygen, 

we have,-' (I) = 6i° 18’ and Q (ID = These values of0 a 

x a a 



108 


for the two sites are in close agreement with the experimental values 

given in table VIII. 12, The agreement between the calculated and 

44 - 

experimental values of 0 g for the two sites thus improves if V 
occupies the position N as compared to N Q . 


Now , in order to explain the experimental values of 0 ^ 

and 0 c we must move the V-0 away from the basal plane be i.e. towards 

2+ 

the crystal a-axis. As VO has net 2+ charge* it could be moved 
by the electrostatic attraction of some extra negative charge in the 
lattice. When VO enters position, a NH 4 vacancy is created 

to account for the charge compensation. This vacancy serves as an 
effective negative charge. Now^as the V-0 is to be moved away from 
the basal plane be, the plane of figure 8 . 8 , the NH^ vacancy should 
lie above or below this plane. Further, vacancy at o(~NH 4 site would 
be favoured because its oxygen environment is less compact as compared 
to that of p -NH 4 . The nearest and off the plane o(-NH 4 position, 
with respect to the £-NH 4 at N q , is the one shown in figure 8 . 8 , 
Therefore if V 4+ occupies the position N Q or N, the NH^ vacancy at 
the above mentioned eC-site would be favoured the most. The angles 
0,0 andg for the two types 1 and II of V-0 are now simultaneously 
explained by assuming that the V-0 bond moves through a certain angle 
(determined by the pull of the vacancy and the effect of the other 
possible constraints) towards the * -M, vacancy while keeping itself 
in a plane which is perpendicular to the plane of the figure 0 . 8 . 
Restricting the motion of V-0 in such a plane is justified because 
it would keep it away from the oxygens at the corners of the 


rectangle mentioned above. 
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The preferred orientation of V-0 corresponding to the 
site III could be explained if the oxygen marked III (below the 
plane of the figure 8.8) serves as the fifth bonding oxygen for 
V' 1+ . In this case the V-0 bond when acted upon by the attractive 
force of the c(~NH^ vacancy at F would be going out of the influence 
of the oxygens forming the rectangle, and so it (V-0) could freely 
move in the plane passing through the following three points, 
viz. the point N , the centre of the oxynen at III and the position 
of at F., and may because of the effect of the constraints 

come to rest when it (V-0 bond) just reaches the ca plane in such 

7 

n way that the angle between V-0 and the c-axis at such a position 
of the bond is roughly equal to the experimental value of 0 b - 
As the line joining the V 4 "^" end the fifth bonding oxygen (marked 
III in figure 8.8) is much off from the perpendicular to the plane 
of the oxygen rectangle, site III is not expected to be occupied 
with that great a probability as I and II. This is in conformity 
with the experimental results. 

It is interesting to note that this classical model 
qualitatively explains the three experimentally observed preferred 
orientations of V-0 in ammonium sulphate. This is more so because 
in a rigorous sense one has to consider the orbitals of V 4+ and 
those of all the neighbouring oxygens and over and above the 
effect of the vacancy to find out the minimum energy positions of 

V-0 in the lattice. 

Inw temperature (EPR ) spectra.;. 


There is no appreciable change in the spectra on cooling 
the crystal from room temperature to the liquid N 2 temperature. 
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The effect of the chnnge in temperature is found on jAj (» |A 2 | ) 
for the site II of V~0 in ammonium sulphate. |A j (site II) is 
found to increase only by approximately 3% in going from room 
temperature to the liquid N 2 temperature. The above results for 
the temperature variation are explained in the following way. 

On cooling the host crystal through the ferroelectric 
transition temperature two ^equivalent sites^ and ^ each 
with different D and E are created from identical p -sites. 

There Is no fine structure in the present case. The question 
of fine structure splitting is, therefore, out of context. One 
could still expect some difference inthe values cf A parameter for 
I- j nn< ^ fj 0 sites, and thus a splitting on cooling the crystal 

O ■foul ikat jj> 

through -50 C. The^ebs^rawyi no splitting of the spectra in the 

present case indicates that there is practically no dependence 

of A on D and E. These results are in conformity with those 

obtained by Chowdary and Venkateswar lu^ 19 * £or the above host but 
2 + 

doped with Mn . They have found that in crossing the ferroelectric 
transition temperature there is a negligible change in the hyper - 
fine interaction par arneter., where though D and E parameters change 
appreciably , , 


OFT IGA L SPECTRA 

In the optical absorption spectrum taken with the help 
of a Cary - id spectrophotometer ( we get three absorption maxima 
at 12767, 16098 and 17177 cm" 1 respectively. The spectrum showing 
the variation of the optical density as a function of frequency 
(cm ) is as in figure 8.9(a). 
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The* visible and near infrared spectrum of V0(H20) 5 2+ @ 0 , 21 ) 

consists of two broad maxima at approximately 16000 and 13000 cm" 1 , 
corresponding respectively to the transitions b — * b and b — * e^ 
as expected for the tetragonaily coordinated complexes of V-0 . 

If the symmetry is less than tetragonal, as is expected from the 
nontetragonai character of g and A in the present sample, the e 


level should split into two orbital singlets and one should get two 
absorption maxima at ^ 13000cm** 1 . But as is clear from figure 8.9(a) 
only one absorption maximum is found around this value i.e. at 
12767cm" 1 . This indicates that the splitting of e^_ due to the 
low symmetry additions over the main tetragonal symmetry of V-0 
is negligible and Is atleast much less than the width of the line. 


The origin of the two absorption maxima one at 16098 and 
the other at 17177 cm 1 is explained due to the presence of two 
types (I and ID of V-0 complexes. This is shown in figure 8.9(b). 
The absorption maxima corresponding to the sites III and IV of V-0 
should he weak in intensity as was the case for their EPR spectra. 

It seems that, the energy separation AE (b— >^1 is different for 
the two complexes I and II of V-0 . For I it is 16098cm" 1 whereas 


for the other it is 17177 cm" 1 . But as there is only one absorption 
maximum near 13000cm" 1 i.e. at 12767cm’' 1 , we are led to believe 
that the energy separation AECe^ V does not change appreciably 
at least within the width of the lines, in going from site I to 


CORRELATION BETWEEN OPTICAL AND EPR DATA 
Taking into consideration the experimental fact that the 
level is not split in the present complexes, the expressions (3.3), 
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C3.1) and (3.5) of chapter III for the principal values of tte 

g tensor reduce respectively to 


'll 


2.0023 


1« 4/\V 2 /AE<b 9 -*b *) 
z c 1 


g - 2.0023 j l-/\o /fA E(b 0 -e e* ) 

X L I v ill 


and 


2.0023 


l-/W y ./AE/(b 2 -,e*) 


Her, v, is the spin-orbit interaction parameter and y , and 


art; the principal values of the covalency parameter. 


The above expressions for g^, and g^ suggest that 
y and g should be approximately equal and should be much different 

x y 

from y^. This is what one observes for the present complexes. The 
small difference in the values of g„ ahi g is, perhaps, indicative 

X y 

of the nonnxial character in the covalency and shows that J 

A 

is quite different from . 


♦ 
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Table vm.i 


for V™' « oo?,T i0us at< “ •" the unit cell 

dimte^i 1 f 1 2 ~ C *5 x,y and z re P r esenl the coor- 
tts iff units of a,b and c respectively along the 

corresponding axes.) 


Atom 

X 

y 

z 

NHj(oO 

+0.417 

4*0*685 

+0.250 

NiijC/3 ) 

-0.311 

+0.000 

+0.250 

s 

+0.417 

+0.250 

+0.250 

0(1 ) 

40.417 

40.056 

+0.250 

0(2 ) 

4-0.549 

40.315 

+0.250 

0(3) 

40.351 

+0.315 

+0.045 


Table VIII. 2 
24- 

Elt.m tints tf g.jj for the site I of VO doped in (NH. ) SO ,at 
25°C, where 'a.b and c are the crystallographic axes? The^signs 
of the off - diagonal elements in tables VIII. 2 and VIII. 3 
apply to t.he same one of the symmetry related spectra. 


y.g 

/V /**/ 

a 

b 

c 

a 

3.9034 

-0.0065 

-0.0233 

b 

-0. 0065 

3.8925 

-0.0758 

c 

-0,0233 

-0.0758 

+3.7615 
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Table VIII, 3 

Elements of y.A.A.g (in units of 10 4 Mc 2 ) for the site I of V0 2+ 
doped in (NHj)^S(Lat 25°C, where a t b and c are the crystallogra- 
phic axes. The'-sitjns of the off-diagonal elements in tables VIII. 2 
and VIII. 3 apply to the same one of the symmetry related spectra. 


y.A.A.g 

a/ 

a 

b 

c 

a 

19.49 

7.00 

12.37 

h 

7.00 

33.10 

32.96 

c 

12.37 

32.96 

91.80 


Table VIII.4 

Elements of g .g for the site II of V0 2+ doped in (NH LSO at 
25 U C, where a,b and c are the crystallographic axes.Tfie signs 
of the off-diagonal elements in tables VIII.4 and VIII. 5 apply 
to the same one of the symmetry related spectra. 


U-'J 

/<*./ A,/ 

a 

b 

c 

a 

3.9007 

-0.0577 

-0.0088 

b 

-0.0577 

3.7658 

-0.0312 

c 

-0.0088 

-0.0312 

3.9127 
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Table V1II.5 

Elements of g^.A.g, (in units of 10 4 Mc 2 ) for the site II 
of V0 4+ dopeB in (NH, 4 ) S0 4? at 25°C, where a,b and c are 
the crystallographic axes. The signs of the off-diagonal 
elements in Tables VIII.4 and VIII.5 apply to the same 
one of the symmetry related spectra. 


g.A.A.g 

^ ^ ^ 

a 

b 

c 

a 

24.88 

25.14 

6.30 

b 

25. 14 

96,40 

15,86 

c 

6.30 

15.86 

21.05 


Table VIII.6 

Magnitude of the principal values of g, and of A, 
(in units bf 10~ 4 cm*' i ) for the site I' of V02 f in 

(NH. ) SO ,at 25°C. 
d 2 4 7 


ig / j= 1.976 | A j — 68 t 2 

I H 1 1 


j |= 1-962 

i g 3j = 1,930 


A = 180.2 
3 
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Table VIII. 7 


Direction cosines, relating the crystal axes (a,b,c) to the 
principal axes (1,2,3) of q and to the principal axes (1,2,3) 
of A for the site I of V0 2+ in (NH ) SO. at 25°C. In each row 
the" relative sign for the direction Cosines is for the symmetry 
related spectrum with parameters given in tables VIII, 2 and VIII. 3. 


For g 

a 


b 

c 

/ 

l 

0.976 


~0*2l2 

-0.046 

2"' 

0.172 


0.887 

-0.428 . 

/ 

3 

0.132 


0.410 

0.902 

For A 

** w 

a 


b 

c 

1 

0,813 


-0.570 

0.117 

2 

0.561 


0.714 

-0.419 

3 

0.156 


0.406 

0.900 


Table VIII.8 


Magnituc 

10~4 on - 

je of the principal 
^ ) for the site II 

valuej 
of V0‘ 

i of g and of A (in units of 
-+ in~(NH 4 ) 2 S0^,at 25°C . 


!<i = 

1.981 

M = 

67.4 

Kl = 

1.934 

l A 2 1 “ 

178.9 

1*3 1 = 

1.979 

l A 3l = 

72,5 


117 


Table VIII. 9 


Direction cosines, relating the crystal axes (a,b,c) to the 
principal axes_ (1,2,3) of q and to the principal axes (1,2,3) 

°Lr + £ 0r - lte ° f V0 in (NH 4^2 S0 4) at 25 ° c * In eac h 
row the relative sign for the direction cosines is for the 

symmetry related spectrum with parameters given in tables 

VIII. 4 and VIII. 5 


For g 

S'* 

a 

b 

c 

/ 




1 

0.797 

-0.384 

0.466 

a 7 

0.338 

0.923 

0.182 

/ 




3 

-0.500 

0.012 

0.866 


For A 

a 

b 

c 

1 

0.807 

-0.141 

-0.574 

2 

0.300 

0.934 

0.192 

3 

0.509 

-0.327 

0.796 


Magnitude 
10~ 5 cm _1 ) 

of 

for 

Table VIII. 10 

the principal axes of g^and of A, (in units of 

the site III of V0 2 + in (NH. ) o S0 . at 25°C . 

4 2 4 o 

l<l 

= 

1.984 

l*i 1 

= 69.3 

\<\ 

= 

1.978 

I9| 

= 70.5 

/ 

191 

= 

1.928 

N 

= 180.2 
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Table VIII.ll 


Direction cosines^. relating the crystal axes (a,b,c) to. the 
principal axes <1*2*3) of g and to the principal axes (1,2,3) 
of A for the site III of V0 2 + in (NH USO.^at 25°C. In each 
row the relative sign for the direction cosines is for one of 
the symmetry related spectra. The principal axes of g and A 
tensors are assumed to coincide. /v ^ 


For g or A 

a 

b 

c 

/or 1 

0.000 

1.000 

0.000 

2 / or 2 

-0.647 

0.000 

0.763 

3 'or 3 

0.763 

0.000 

0.647 


Table VIII. 12 

The orientations of V-0 for its three sites I, II and III in 
(Nli.WSO, at 25°C . Here 0 is the angle between the projection 
of V-6 on the be plane and d the b-axis, 0 is the angle between 
the projection of V-0 on the ca plane and the c-axis, and0 c 
is the angle between the projection of V-0 on the ab plane and 

the a-axis. 


Site 

I 

II 

III 

A 

66° 

11° 


Ua 

% 

9° 

60° 

40° 

0c 

72° 

71° 




Table VIII. 13 


The theoretical values of 0 , A and 0 for the sites 
and II of V -0 . It is assumld tnat thefe is no vacancy 

near it. 



Si 1 0 

I 

II 

e a 

(in be plane from b) = 

60° 

8° 

e b 

Cin ca plane from c) = 

0° 

0° 

©c 

Cin ab plane from a) = 

90° 

90° 


• Assumption of a NH* -vacancy brings the theoretical values 
°f 0 andQ^ 4 nearer to the experimental ones. 
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H IN GAUSS ► 

FIG. 8 -2 A PLOT OF THE POSITIONS OF EXTREME HYPERFINE LINES FOR THE 
SITES I,! & ID OF VO 2 ’ 4 ' IN (NH4 ) 2 S0 4 . THE FIELD ORIENTATIONS 
ARE PARALLEL TO THE CRYSTALLOGRAPHIC db PLANE. 


123 






u 


LU 

CO 

U 

LU 

u 

H 

< 

to 

a 

< 

UJ 

a 

X 

h- 

LU 

a 

a 

< 

2 

(/) 

z 

tO 

o 

LlJ 


z 

5 

-J 

H 


z 

LU 

LU 

z 

a 

lL 

a 

O 

LU 


a 

a 

> 

u 

X 

LU 

LfJ 

a 

2 

UJ 

LU 

X 

a 

H 

H 

• 

X 


LU 

O 

a 

to 

O 

CM 

CO 

z 

O 

X 

z 

H 

vy 

cO 

O 

Z 

a 

+ 

\u 

I 

°b 

b- 

> 

Ll 

a 

O 

0 

h" 

m 

0 

u 

c& 

a 

H 

< 

f— i 


CO 

00 

6 

Ljl 


TO THE CRYSTALLOGRAPHIC be PLANE. 



124 



X 

Ol 

a 

Q 


S33&03Q ‘SIXV-D 


O 

oo 



Ol 310NV 



O) 

in 

3 

< 

e> 


o ? 
o 



FIG- 8-4 A PLOT OF THE POSITIONS OF EXTREME HYPERFINE LINES 
FOR THE SITES I, Him OF V0 2+ IN (NH 4 ) 2 S0 4 . THE FIELD 

ORIENTATIONS ARE PARALLEL TO THE CRYSTALLOGRAPHIC 
CQ PLANE. 



5 EPR SPECTRUM OF VO‘ - DOPED (nH 4 *) 2 $0 4 AT 25 °C FOR 
Hi! CRYSTAL a -AXIS. THE EIGHT HYPERFINE LINES CORRESPON 
NDING TO THE DIFFERENT ORIENTATION 1,1 & ¥ OF V0 2+ 
ARE GROUPED TOGETHER AND MARKED ACCORDINGLY 1 
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Wavelength in A 


Fig. 8-9 (a) -Absorption spectrum of Mo*- doped (NH 4 ) 2 S0 4 
from 12000 to 19000 cm' 1 
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Fig.8-9(b)-Significant energy levels for the two 
sites l&E of V-O. 
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